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Chapter 1 
 

INTRODUCTION 
 
 
1.1 Background to the study 
 
The principle of fuel cells was invented in the mid-19th century. The first document 
was published by a German professor, Christian Friedrich Schönbein, in 1839 and 
in 1845 the first fuel cell generator was constructed by Sir William Robert Grove, 
who is considered the founder of fuel cell technology (Bossel, 2000). In the early 
20th century another British scientist, Potter, described the principle of biological 
fuel cells. The technology was rediscovered in the 1960s in connection with space 
exploration programmes.  
 
The trend in consumer appliances is towards power-hungry devices, such as 3G 
mobile phones, with energy-consuming applications such as a wireless local area 
network (WLAN) and terrestrial broadband broadcasting, and battery technology 
is struggling to keep up with the trend. Consequently, the promise of fuel cells with 
a large energy content when compared to batteries of the same size has become 
attractive. Presently, a large part of the worldwide research activity in the field of 
fuel cells is directed towards using mobile and portable fuel cells to replace 
batteries. 
 
Interest in biological fuel cells has risen at the same pace as the development of 
metal catalyst fuel cells. The operation of a biocatalytic fuel cell is based on the 
same principles as that of metal catalyst fuel cells. The main difference between 
the two technologies is the catalyst material: in biological fuel cells the catalytic 
power is derived from a microorganism or an enzyme instead of the usual 
platinum-based transition metal catalysts. 
 
Biofuel cells have been actively studied at the Automation Technology Laboratory 
at Helsinki University of Technology (TKK) since the early 1990s. The motivation 
for the research derived from the practical need to find small-sized, lightweight, yet 
efficient and long-lasting power sources for mobile robots. As an example of the 
applications, there was a research initiative from industry to develop long-term 
energy supply systems for deep-sea use. The first biofuel fuel cell set up at the 
Automation Technology Laboratory was a microbial fuel cell utilising natural 
sediment flora collected from the coastal sediments of the Baltic Sea as a catalyst 
(Zhang, 1995; Zhang and Halme, 1997). This microbial fuel system repeatedly 
showed good stability for long operating periods (see Table 2.8 for the results). 
The runs lasted for over one month (700 h). Moreover, the reactions were observed 
to be self-regulating and self-discharge was negligible. An intriguing phenomenon 
was observed: the power-to-volume efficiency of the microbial fuel cell increased as 
the anodic volume decreased. Another interesting finding was the ability to monitor 
the state of the bacteria by monitoring the changes in colour of the broth in the 
reaction vessel (Halme et al., 1998).  
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Since the year 2000 the research work has been focused on enzymatic fuel cells 
because of the expected technical and customer opinion difficulties related to using 
living microbes in small consumer products. The biofuel cell technology currently 
being developed at the Automation Technology Laboratory is based on the 
enzymatic breakdown of methanol with methanol dehydrogenase from 
Methylobacterium extorquens. The cell type was named the Direct Methanol 
Biocatalytic Fuel Cell (DMBFC) on the basis of its described operating principle.  
 
 
 
1.2 Research problem and aims of the study 
 
The research problem of this thesis is to study the factors affecting the power 
density of the developed biofuel cell and methods to improve its performance, 
emphasising the anodic processes. Another purpose is to make an overall 
assessment of the data acquired during the 3-year research period. The novel direct 
methanol biocatalyst fuel cell developed in the study will serve as the subject of the 
case study. The nature of the enzymatic catalyst creates certain technological 
challenges for the realisation of a practical power source. One is the lower power 
density compared to transition metal catalyst fuel cells. The counterpart of the 
DMBFC among traditional platinum catalyst fuel cells is the mobile direct 
methanol fuel cell. At the moment their performance is in the range of 60-100 
mW/cm2. The best reported biofuel cell power density is 5 mW/cm2 (Akers, 2005). 
Another important issue in biofuel cell development is the fact that an enzyme has 
a shorter operational lifetime than a metal catalyst. However, platinum-based 
catalysts in metal catalyst fuel cells suffer from poisoning caused by the byproducts 
or impurities in the fuel, such as carbon monoxide. One of the key issues in 
improving the power output of biofuel cells is to enhance the electron transfer rate.  
 
 
 
1.3 Contribution of the thesis 
 
The main contribution of this thesis is the development of the DMBFC and analysis 
of the characteristics related to the energy generation process therein. The 
complete pathway from the fuel through every step of the power generation process 
is addressed in detail in order to find out the limiting factors. Consequently, ways 
to improve functionality in respect of power and current density are discussed. As a 
result of the 3 years of research, the improvement in power density was 19-fold 
(data from 2000 and 2003). The continuous power density achieved with the 
DMBFC was 285 µW/cm2 at an operational voltage of 0.67 V. The short term 
performance was 2-fold in respect of power density. 
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1.4 Outline of the thesis 
 
The contents of the thesis are structured as follows: 
 
Chapter 1: A brief introduction to the subject and research aims of the thesis. 
 
Chapter 2. Review of fuel cell technology: the focus of the review is on mobile 
metal catalyst fuel cells and biological fuel cells; larger-scale fuel cells are 
described on a general level. 
 
Chapter 3. Description of the direct methanol biocatalytic fuel cell system utilised 
in the study and of the experiments. 
 
Chapter 4. Power generation in a direct methanol biocatalytic fuel cell is discussed 
in detail. 
 
Chapter 5. The results obtained in the study are described and analysed.  
 
Chapter 6. The main results are summarised and future prospects discussed. 
 
 
 
1.5 Author’s contribution within the research group 
 
The research work presented here was carried out during the years 2000-2003 by a 
group of 2-3 people. The author’s main contribution was the overall assessment of 
the data obtained during the research and development of the DMBFC. Regarding 
the experimental part of the work, the planning and execution of the experiments 
regarding the characterisation of the enzyme and of the stack-structured DMBFC 
were the responsibility of the author. Other experiments described were performed 
in cooperation with Dr.Sc. Xia-Chang Zhang. The different cell structures of the 
DMBFC were designed within the research group. A study of the effects of 
periodical loading was published in the Master’s Thesis of Sami Kielosto. The 
preceding publications of the author are published under the name Ranta.  
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Chapter 2 
 

REVIEW OF FUEL CELL TECHNOLOGY 
 
 
2.1 Introduction to fuel cell technology 
 
A fuel cell is an electrochemical energy conversion device. In one of their articles 
Palmore et al. (1998) defined a fuel cell in the following manner: “A fuel cell 
functions by the oxidation of fuel at the anode, simultaneous transfer of electrons 
and protons to the cathode compartment, and the reduction of a second fuel 
(typically dioxygen) at the cathode. The power output of a fuel cell is a function of 
the rate of transfer of electrons through an external circuit (ICELL) and the potential 
difference between the anode and the cathode (VCELL).” This definition is valid for 
acid electrolyte fuel cells utilising hydrogen as their fuel. In other fuel cell types the 
mobile ion can be other than a proton. Another definition of the fuel cell underlines 
the difference between a fuel cell and a battery. A battery contains the substances 
needed for energy generation; secondary batteries allow recharge by reverse energy 
generation reaction with electricity.   
 
A fuel cell is an open system, i.e. it does not contain energy, and the fuel and 
oxidant are brought in from outside the device. An ideal fuel cell would function 
eternally as long as fuel and oxidant were fed in. According to this definition, some 
of the energy generation devices called fuel cells should be renamed as hybrid fuel 
cells. One example of such a device is the Zinc air battery or Zinc fuel cell, in which 
the zinc is the limiting factor. The device presented in this thesis, the closed 
cathode DMBFC, also falls into the category of hybrid fuel cells, because the 
cathode is limited by the oxidative reagent, potassium permanganate. Figure 2.1 
illustrates the general operational principle and Equations 2.1-2.2 the reactions 
inside the fuel cell.  
 

 
Figure 2.1. Operational principle of a fuel cell (Courtesy of Fuel Cell Today) 
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Anode: H2 → 2e- + 2H

+   (2.1) 

Cathode: 1/2O2 + 2e- + 2H
+ 

 → H2O (2.2) 
E0= 1.23 V 

 
 
At the anode electrode hydrogen gas is broken down into protons (hydrogen ions) 
and electrons. The protons go to the cathode electrode through the proton-
conducting membrane separating the two electrodes and the electrons through the 
external circuit creating electron flow, that is, current. At the cathode oxygen is 
combined with the protons and electrons and water is formed. The standard 
potential difference between the electrodes of an H2⎪O2 fuel cell is 1.23 V. 
 
In the early days of fuel cell technology, the space exploration programmes had a 
significant influence on development. At present the military is one of the major 
financiers in the field. One important driving force in the development of fuel cell 
technology is the need to find alternative energy generation technologies. The 
exhaustion of fossil fuels is evident. The western lifestyle and the fast-growing 
economies in Asia are consuming more and more energy each year. Global 
warming and the pollution of the environment are forcing the scientific community 
and governments to push forward new alternative technologies.  
 
As an energy generation technology, fuel cell technology is interesting because the 
same technology can be applied in many spheres, from industrial-scale energy 
generation to portable and mobile power sources. The focus of this thesis is on 
mobile fuel cells, but the other application areas will be briefly described in the 
following two sections. Figure 2.2 below illustrates the vastness of the application 
area.  
 
In portable applications the applicable technology is PEM fuel cells (Proton 
Exchange Membrane or Polymer Electrolyte Membrane). A subspecies of PEM 
fuel cells is the direct methanol fuel cell (DMFC) technology. PEM fuel cells offer 
a power generation solution for automotive vehicles, boats, and CHP units 
(Combined Heat and Power). In the previously mentioned application area (100 
W-100 kW), alkaline fuel cells (AFC), solid oxide fuel cells (SOFC), and 
phosphoric acid fuel cells (PAFC) can be utilised. Appropriate technologies for 
industrial-scale energy production up to 10 MW are SOFC, PAFC, and molten 
carbonate fuel cells (MCFC). The basic features of each fuel cell type are described 
in Table 2.1.  
 
Theoretically, fuel cells are thermodynamically more efficient than combustion 
engines, the performance of which is restricted by the Carnot cycle. Still, 
regardless of the potential they embody, there are only a few commercial 
applications of fuel cell technology. In vehicle and large-scale applications the 
utilisation of fossil fuels is more cost-effective. On a mobile and portable scale, not 
all the technological challenges have yet been solved. Additionally, sociological and 
logistical issues require attention. The different fuel cell types are briefly explained 
in the following few pages.  
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1 10 100 1 k 10 k 100 k 1 M 10 M
P (W)
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AFC PAFC

SOFC

Portable electronics Cars, boats, CHP Distributed power 
generation, buses

Higher energy 
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batteries. faster 
recharge

Zero emissions, 
higher efficiency

Quiet, higher 
efficiency, less 
pollution

 
Figure 2.2. Different types of fuel cells, their power ranges and applications. 
(Adapted from Larminie and Dicks, 2001).  
 
 
Table 2.1. Principal fuel cell types and characteristics. (Adapted from Larminie 
and Dicks, 2001) 
Fuel cell type Mobile ion Operating 

Temperature 
Operating 
pressure 

Fuel 
(anode/cathode) 

AFC OH- 50-200 ºC 2-45 bar H2 / O2 or air 
PEMFC H+ 50-100 ºC 1-3 bar H2 / O2 or air 
PAFC H+ ~220 ºC 1-10 bar Natural gas/O2 or 

air 
MCFC CO3

2- ~650 ºC 1 bar Hydrocarbon, 
methane/O2 or air 

SOFC O2- 500-1000 ºC 1-13 bar H2, Natural gas/ O2 
or air 

 
The Polymer Electrolyte Membrane fuel cell (PEMFC) was used on the first 
manned spacecraft of NASA. It can be used in applications from 1 W to 100 kW. 
The electrolyte is a solid polymer with high proton conductance, and the dominant 
material is Dupont’s Nafion, which is sulphonated polytetrafluoroethylene (PTFE). 
The catalyst material is platinum or a platinum alloy; the platinum load nowadays 
is 0.2 mg/cm2 or lower. Platinum is sensitive to CO poisoning, but the addition of 
other metals, such as ruthenium, increases the tolerance.  
 
The core of the PEMFC is the membrane-electrode assembly (MEA, Fig. 2.3). 
Both electrodes are “glued” together with the polymer electrolyte. One critical 
issue is the water management of the cell. The membrane requires moisture to 
function but excess water at the cathode causes flooding, i.e. the contact of the gas 
and catalyst is impaired by too much water. A variant of the PEMFC is the direct 
methanol fuel cell (DMFC), where the methanol fuel is fed directly into the anode 
instead of first being reformed. DMFCs are an essential part of small fuel cells and 
will be discussed later on. 
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Figure 2.3. Schematic of a Membrane-Electrode Assembly (Courtesy of Fuel Cell 
Today). 
 
The principle of an alkaline fuel cell (AFC) was described by Sir William Grove in 
the 19th century (Bossel, 2000). There was an alkaline fuel cell on board the Apollo 
spacecraft (Fig. 2.4). Alkaline fuel cells are considered to be low-temperature fuel 
cells; their operating temperatures vary between 50-200 ºC. In alkaline conditions 
the mobile ion is a hydroxide ion, which travels from the cathode to the anode. At 
the cathode oxygen, water and electrons regenerate OH- ions. The fuel, hydrogen, 
together with hydroxide ions, forms water and electrons at the anode. The 
electrolyte is potassium hydroxide (KOH). The electrolyte can be free or fixed in a 
matrix.  
     

 
Figure 2.4. The AFC unit of the Apollo spacecraft, as displayed in the Smithsonian 
Institute Air & Space Museum; height approximately one metre. 
 
The benefit of the AFC is that the activation overvoltage at the cathode is lower 
than in fuel cells operating in acidic conditions. Additionally, the materials for the 
electrodes can be non-noble metals (Ni for the anode and NiO for the cathode). The 
main problem when operating on the Earth is atmospheric carbon dioxide. It reacts 
with the alkaline electrolyte, forming carbonate, and subsequently reducing the OH- 
concentration and thus the reaction rate. The same phenomenon is stronger if the 
hydrogen is reformed from hydrocarbons. 
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Phosphoric acid fuel cells (PAFC) have long been the only commercial fuel cell 
type. The dominant application is in small-scale electricity and heat generation 
with CHP units for remote or off-the-grid locations. For example, the UTC Power 
company has sold around 300 CHP units worldwide (UTC, 2006).  The main 
benefit is the reliability of the system. 
 

 
a.  

 
b. 
Figure 2.5. a. The PureCell Commercial Fuel Cell Power System - Model 200 
from UTC Power (200 kW); b. The PureCell station in Anchorage, USA (Courtesy 
of UTC Power). 
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The operating principle of the PAFC is similar to that of the PEMFC. The catalyst 
on both sides is platinum or a platinum alloy. The electrolyte, however, is 
phosphoric acid (100%). Phosphoric acid is tolerant to CO2 and has a low freezing 
point (-2ºC at 100% concentration). As a result of its fluidistic properties, the 
capillary forces keep it inside the matrix material, which consists of silicon carbide 
and PTFE. The electrodes are also gas diffusion electrodes, as in the PEMFC. The 
reaction generates heat, which is usually removed with a water-cooling system. If 
the fuel has too high a sulphur concentration, the poisoned anodes can be 
regenerated at a high temperature or at a high polarisation potential. 
 
The molten carbonate fuel cell (MCFC) is considered to be a high-temperature fuel 
cell (T = 600-700 ºC). The catalyst materials in this case are nickel and nickel 
oxide at the anode and cathode, respectively. The electrolyte material is a 
combination of molten alkali metal carbonates in a ceramic matrix. The mobile ion 
is carbonate (CO3

2-). In other fuel cells CO2 is unwanted, but in the MCFC it is 
needed as the source of carbonate ions. Carbon dioxide is usually collected from 
the anodic reaction and recycled to the cathode. Carbon monoxide can also be 
utilised as a fuel, in contrast to most other fuel cell types, in which it is a poison. 
The high operating temperature makes possible inexpensive catalyst materials and 
internal reforming, fuel flexibility, and higher overall efficiency, but it also brings 
with it corrosion issues related to the structural materials used. 
 
The solid oxide fuel cell (SOFC) is the other high-temperature fuel cell type. As the 
name implies, it is an all-solid device. The catalyst materials are non-noble metals; 
the anode is made of zirconia cermet containing nickel and the cathode of 
electronically conducting oxides or ceramics. The electrolyte is yttria-doped 
zirconia (YSZ). The mobile ion in this type is an anion, O2-. As in the previous type, 
the high temperature is challenging for the materials. 
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2.2 Small fuel cells 
 
2.2.1 Introduction 
 
It is first necessary to define the meaning of the terms “small fuel cell”, 
“portable”, and “mobile” in this context. The concept of a small fuel cell covers 
both the mobile and portable fuel cells. In this study a mobile fuel cell denotes a 
power source which is intended for handheld devices with a power range of 
1-20 W. A portable fuel cell is an appliance a person is able to carry, such as a 
spare power source or back-up power or some recreational power sources having a 
power range of 20 to about 65 W.  
 
Table 2.2. Division of small fuel cells into mobile and portable ones. 
Category Power range Application area Products/examples 
Mobile 1-20 W - mobile phones 

- laptops  
- MP3 players 
- PDA devices 

Mobion (MTI 
microfuel cells) 

Portable 20-65 W - back-up power 
- recreational power 
source (boats, 
mobile homes, etc) 

EFOY (Smart Fuel 
Cells GmbH) 

 
Research in the area of small fuel cells has been lively during the past ten years. 
Throughout the fast development of handheld electronic appliances, traditional 
battery technology has so far been able to keep up with rising energy demand. 
Present-day laptop batteries can last for 5 hours and a regular mobile phone works 
for one week with one recharge. The yearly capacity increase in battery technology 
has been 5-10%, but at the moment there is no major technological leap in sight. 
Having said that, research into novel materials is ongoing and battery technology 
has the advantage of being a mature and well-adopted technology. An apt remark 
was once made at a conference: “fuel cells are widely discussed and batteries 
widely used”.  
 
Nevertheless, recently more advanced mobile phones with power-consuming 
applications (digital video broadcast, wireless Internet access) have increased their 
power demand drastically. These devices have been aptly nicknamed power-eaters. 
The demand has risen to such a high level that fuel cells with a higher energy 
content have started to look more appealing. The general opinion seems to be that 
fuel cells can more probably fill the power gap than battery technology can. 
Nevertheless, fuel cell technology still has some important technical issues to solve 
before it becomes mainstream. Most handheld devices must be redesigned to ensure 
access of oxygen to the cathode. Some critics wonder how adequate oxygen access 
can be guaranteed in the everyday use of a mobile phone. People keep their mobile 
phones in closed places, such as pockets and bags, or lying on their back on a table. 
Another design principle of mobile power sources is a maximum power of 3 W, 
because of their heat generation. Prototypes of laptop fuel cells have been 
criticised for being noisy, bulky, and too heavy. When comparing the performance 
of batteries and fuel cells, one should be observant. Often the reported performance 
of a fuel cell does not take into account the whole system, only the cell itself 
without peripherals.  
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It is a hard task to replace secondary batteries as the power source for mobile 
phones. The size of these batteries is only 10-20 cm3, compared to the physical size 
of 100-200 cm3 of the corresponding state-of-the-art fuel cell powered chargers 
(Dumé, 2006). The first consumer products will most probably be wireless 
rechargers, as minimising the size of these is not as crucial as in a mobile phone. In 
the United States the military is offering a technology push for fuel cell 
development, and the Department of Defense (DoD) has been a major funder of 
different small fuel cell studies. The DoD’s motivation is easy to understand. A 
modern soldier carries about 9 kg of batteries on average on a 5-day mission 
(Jane’s, 2006). The fuel cells can offer a significant reduction in weight or permit 
longer mission times. 
 
There are presently many competing technologies in the field of small fuel cells. 
Methanol-burning fuel cells have been in focus for several years. Even if methanol 
is a toxic and flammable liquid, it is considered more practical for small fuel cells 
than hydrogen. The direct methanol fuel cell (DMFC) is basically a modification of 
the PEMFC; its operation is explained in Figure 2.6 and Equations 2.3-2.4. The 
standard potential of the methanol⎪oxygen reaction is 1.21 V. The fuel is fed 
directly to the anode. This technology simplifies the design in principle, but there 
are also some penalties that must be paid, such as fuel crossover and lower 
efficiency. These will be discussed later on in Section 2.2.2. The DMFC is 
especially interesting for handheld devices, such as mobile phones and PDAs.  
 
During the last few years the reformed methanol fuel cell (RMFC) has become 
more interesting, even in small appliances. Advances in micromechanics have made 
possible small enough components for the reformer unit. With reformation, greater 
efficiency can be achieved and the catalyst lifetime can be prolonged due to purer 
fuel feed. The reformed methanol fuel cell prototypes that have been demonstrated 
are intended only for laptops. 
 
 

 
 
Figure 2.6. Operating principle of the DMFC. The anode and cathode are separated 
by a proton-conducting membrane. DL = gas diffusion layer. (Courtesy of MTI 
Micro Fuel Cells). 
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Anode: CH3OH + H2O → CO2 + 6e- + 6H+    (2.3)  

Cathode: 3/2O2 + 6e- + 6H+ → 3 H2O    (2.4) 
 

E0= 1.21 V 
 
The liquid electrolyte fuel cell (LEFC) is the result of research performed in Israel 
by the company Medis Technologies. The principal difference from the PEMFC 
and DMFC is the lack of a solid electrolyte. The alkaline liquid electrolyte and the 
fuel (an alcohol) are combined, together with additives, to make a proprietary 
mixture. The company claims their product is more environmentally friendly than 
basic alkaline batteries. Medis Technologies has a close relationship with the US 
military and their prototypes have been used in field testing in recent years.  
 
The formic acid fuel cell and also the direct formic acid fuel cell (FAFC and 
DFAFC) are quite novel technologies. They are very similar to the DMFC, both in 
structure and chemistry. They have not been studied and developed as widely as 
methanol and hydrogen fuel cells, but show nearly the same performance as the 
DMFC. Rice et al. (2002) reported OCV of 0.72 V, current output 134 mA/cm2 
and power density of 48.8 mW/cm2. Additionally, formic acid is not flammable like 
methanol. Another advantage over the DMFC is that the reaction can be catalysed 
with palladium-based catalyst material instead of platinum alloys, thus reducing 
the cost significantly (Larsen et al., 2005). A company called Tekion (USA) is 
developing mobile and portable prototypes of the DFAFC (Fuel Cell Review, 
2005).     
 
Table 2.3. List of different fuel cell technologies developed for small power 
sources. 
Acronym Complete name  Fuel 
PEMFC Proton exchange membrane fuel cell  Hydrogen 
DMFC Direct methanol fuel cell Methanol fed directly to the 

anode 
RMFC Reformed methanol fuel cell Methanol reformed as 

hydrogen before being fed to 
a PEMFC  

(D)FAFC (Direct) Formic acid fuel cell Formic acid 
LEFC Liquid electrolyte fuel cell Proprietary fuel mixture, 

not disclosed  
Bio FC Biocatalytic fuel cell Alcohols, carbohydrates, etc 
  
The combination of fuel cell technology and biotechnology has created biological 
fuel cell technology. Biofuel cells, which utilise biological catalyst materials (i.e. 
enzymes or microorganisms), will be discussed in more detail in the next chapter. 
  
The foremost companies in the area of mobile fuel cells are MTI Micro Fuel Cells 
(USA), Motorola (USA), Medis Technologies (Israel), Samsung (South Korea), 
and Toshiba (Japan). All of these companies are developing fuel cells for mobile 
phones and mobile phone chargers or for the military (Table 2.4). All except Medis 
use DMFC technology. MTI Micro Fuel Cells and Medis Technologies have 
prototypes of military tactical radiophones. One of the few developers of hydrogen 
micro fuel cells is Angstrom Power (USA). In Europe Smart Fuel Cell GmbH has 
developed portable applications (25-65 kilowatts) and recently published a 
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miniature device (Smart Fuel Cell). In Finland the company Hydrocell has taken a 
different approach to portable fuel cells; its fuel cell is based on AFC technology.  
 
The prototypes of the MTI MicroFuel Cell are shown in Figure 2.7 below: an RFID 
reader with a spare fuel cartridge (a); a tactical radio with a fuel cell power source 
(b), and a fuel cell-powered conceptual mobile phone. MTI’s proprietary 
technology, the Mobion™ fuel cell unit, has been used in the reader. The mass 
transport inside and air flow are passive and the fuel feed is 100% methanol. The 
size is reported to be less than 40 cm3 (Baker et al., 2005). 
 

    
a.         b.             c. 
Figure 2.7. MTI Microfuel Cell’s prototype of a DMFC for an RFID reader with a 
fuel cartridge (a); fuel cell-powered tactical radio (b), and a concept mobile phone 
with a Mobion™ DMFC (Courtesy of MTI Micro Fuel Cells). 
 
In 2003 Samsung presented a prototype with a same surface area as that of a 
credit card (Chang, 2003). In 2005 Toshiba presented the world’s smallest DMFC. 
Further development produced two prototype units:  100 mW (23 mm × 75 mm × 
10 mm) and 300 mW (60 mm × 75 mm × 10 mm). The first one was able to 
power a flash-based player for 35 hours with 3.5 ml of methanol. The 300-mW 
unit produced a high enough voltage for a high-capacity MP3 player for 60 hours 
with 10 ml of fuel (Baker et al., 2005). 
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Table 2.4. Examples of mobile fuel cells prototypes. 
Company  Application Power output Fuel/ oxidant Catalyst 

(anode/ 
cathode) 

Additional information 

MTI Micro Fuel 
Cells  
(Gottesfeld, 
2003) 

Tactical radio 100 mW/cm2 (170 
mA/cm2, 50.5 
mW/cm2) 

100% methanol 
/ Air  
 

Pt-Rh/Pt Orientation-independent, passive fuel feed, fuel usage 
90%; 0.5-W proto for mobiles, 5-W (25-W peaks) 
military proto for tactical radios; cost estimate 3-5$/2-W 
system 

Motorola 
(Bostaph et al., 
2002) 

Mobile phone 
recharger 

100 mW/cm2

1 W at 10 V (net 
output) 

100% MeOH/ 
Air  
 

Pt-Ru black/ 
Pt black 

Active pumps, operation time > 1000 h, fuel usage 20% 

Samsung  
(Chang, 2003) 

 32-50 mW/cm2

 
2 M MeOH/ Air PtRuRhOs, 

PtRuNiOs, 
PtRuRhNi / 
PtFe, PtCu, 
CuPd 

2-W proto with 25 ml methanol, 2.6 h at 50 mA standby 
current,  proprietary membrane 

Toshiba  
(Baker et al., 
2005) 

MP3 player 100 mW MeOH 100%/ 
air  

na Size: W22 x L56 x H4.5 mm Total,  
Weight: 8.5 g including 2 ml of methanol fuel, Fuel Tank 
Size: 2 ml, One fuelling runs MP3 player for 20 h 
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2.2.2 Technological considerations 
 
Technological challenges in small fuel cells include the crossover of the fuel, 
poisoning of the catalyst, and water management. Also, in the case of DMFC, the 
contradiction between the low methanol tolerance of the platinum catalyst and the 
methanol concentration of the fuel has to be arranged in a feasible manner. To 
utilise low-concentration fuel would invalidate the high energy content of the fuel 
cell. Additionally, an important design principle for this type of fuel cell is to 
minimise the energy consumption of peripheral devices such as pumps and fans. 
Several techniques for passive fuel feed for DMFC have been suggested (Chang, 
2003; McNamee and Acker, 2003; Guo and Cao, 2004; Ren et al., 2004). A 
passive reconstruction of the cathode is also challenging; changes in relative 
humidity have been observed to have a remarkable effect on the performance in 
mobile fuel cells with passive cathode (Stanley et al., 2005). Other issues are 
orientation independence and the ruggerised design of the power source. 
 
The DMFC is considered the most suitable fuel cell type for mobile applications. 
Methanol is considered a more feasible fuel than hydrogen because hydrogen is a 
flammable and explosive gas and is typically pressurised, while methanol or 
another alcohol is easier to handle. A disadvantage is that it is toxic to humans 
(lethal dose 0.3-1 g/kg). If released into the environment, methanol is metabolised 
by microorganisms in soil (IPCS, 1997). Another more technological disadvantage 
is the crossover and incomplete oxidation, whose byproducts (such as carbon 
monoxide or formaldehyde) can poison the transition metal catalysts easily. The 
lack of reforming reduces the structural complexity of the device, which is 
beneficial considering miniaturisation, but the lifetime of the catalyst may be 
shorter than with a reformer as a result of the byproducts.  
 
A well-known problem in DMFCs is the crossover of methanol to the cathode 
through the Nafion membrane. Methanol reacts with the cathode catalyst, thus 
harming the performance (short-circuiting). However, most groups still use Nafion. 
The properties of Nafion are far better than those of corresponding products. New 
membrane materials that leak less methanol, operate at low temperatures, and still 
have high proton conductivity have been under study. A serious competitor for 
Nafion is the hydrocarbon membrane developed at PolyFuel; this type of 
membrane is less expensive and makes possible thinner fuel cell structures. It 
passed 5000 hour durability tests during 2005 (Nano Battery, 2005). Chitosan 
membranes have also been suggested as replacements for Nafion; the material is 
low-cost but its thermal stability and proton conductivity need further development 
(Mukoma et al., 2004).  
 
One limitation in the development of DMFCs has been the low methanol 
concentration the platinum catalyst tolerates (5-10%). The optimal methanol 
concentration for a DMFC is in the range of 0.5-2.0 M (1.6-6.4 %) (Guo and Cao, 
2004). It is clear that the fuel used in a practical mobile device has to be more 
concentrated, preferably pure methanol. If the fuel cartridge contains only a dilute 
solution, the advantage over secondary batteries of (potentially) longer operation is 
lost. Water is needed to dilute the fuel; it can be fed to the anode or stored in the 
anode. A third possibility is to utilise water produced in the cathodic reaction 
(Figure 2.6 above). The consumption of water and methanol is theoretically 1:1 
(Guo and Cao, 2004). Research groups and companies have proposed both active 
and passive fuel feed and dilution systems. The active systems consist of 
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micromechanical pumps, sensors, and a control unit and obviously consume energy 
produced in the fuel cell unit. The passive systems utilise capillary and diffusion 
forces to transport fluids inside the device. 
  
Motorola has demonstrated a multi-layer ceramic technology for processing and 
delivering fuel and air to the fuel cell membrane electrode assembly (MEA). This 
fuel delivery system can be built into a miniature fuel cell. The MEA is constructed 
in such a way that four MEAs on one plate form the basic component with which 
the stack is built. They have patented a recovery and recirculation method for 
water. The prototype of a 1 W mobile phone charger generates 100 mW/cm2 and 
uses pure methanol. However, the system utilises a micromechanical pump, which 
consumes about 50% of the energy produced by the fuel cell (Bostaph et al., 
2002).  
 
Clearly, a passive pumping system would be a better solution for a small, perhaps 
miniature, device. The small volume of the device already limits the amount of 
energy it can generate. Additionally, the amount of fuel that can be carried at a 
time is limited by the small size. Therefore, the amount of energy used by the 
system itself should be as little as possible, ideally negligible. Ren et al. (2004) 
have invented a passive fluid management component for a DMFC. The component 
allows pure methanol to be introduced into the anode. Its operation is based on 
specific pore sizes and pore spacing. The structure controls the feed of anode 
reactants (i.e. methanol and water from the cathode) to the anode. This component 
can also be formed in such a way that it extracts CO2 from the anode effluent. Its 
inventors are connected with the MTI Microfuel Cell, which has a 5 W prototype 
for military tactical radio and a 0.5 W prototype for mobile phones. The power 
output is 100 mW/cm2. Additionally, McNamee and Acker (2003) have developed 
a passive liquid feed for a DMFC system. The driving force of the pump is CO2 
formed in the anodic reaction. Furthermore, the pump is self-regulating because 
the amount of CO2 produced is proportional to the power generated. A planar fuel 
cell for mobile phones has been developed in the Samsung Advanced Institute 
(Chang, 2003). The 2 W prototype is credit card-sized, albeit somewhat thicker, 
and produces 32-50 mW/cm2.  
 
To overcome the limitation of low methanol concentration in the fuel feed and  to 
replace energy-consuming and complex micromechanical fuel feed systems, Guo 
and Cao (2004) presented another passive fuel feed system. The method was based 
on the wicking properties of a certain material. The wick material was porous and 
consists of ceramic, glass fibre, carbon fibre, polymers, and cotton. They tested 
their concept with an air-breathing DMFC. The methanol concentration in the 
anode chamber was maintained at the preferred concentration range for nearly 300 
hours, during which the power output was stable. 
 
At present some DMFC developers have returned to the reformation of methanol. 
Advances in micromechanics have paved the way to small enough reformers 
(Holladay et al., 2002; Pattekar and Kothare, 2004). Reformation increases the 
lifetime of the catalyst and the efficiency of the device.  
 
Fuel cells have a constant power output. The power demand of most applications is 
typically uneven, with current peaks many times higher than in stand-by condition. 
If the fuel cell is designed to take care of the peaks, the advantage of higher energy 
density compared to secondary batteries is lost. To increase power output requires 
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more electrode area, that is, more unit cells and a larger volume. A feasible 
solution is to integrate a small secondary battery or a capacitor with a fuel cell. 
The battery shaves the power peaks as the fuel cell provides for the basic energy 
demand.  
 
 
 
2.2.3 Commercialisation of small fuel cells 
 
The buzz around small fuel cells has been going on for about a decade. So far, the 
only company known to be offering small customer fuel cells is the German Smart 
Fuel Cell. Every year the commercialisation seems to be pushed a couple of years 
further, as can be seen from Table 2.5, which lists the commercialisation plans of 
several companies in the year 2004.  
 
During the last few years (2005-2006) the technological push seems to have been 
changing to market pull. The end-users – the military, battery manufacturers, and 
electronics companies – seem to have greater confidence than previously. Figure 
2.8 below describes the development stage of small fuel cells in 2003, compared to 
secondary batteries. The expectation of the maximum energy density of a Li-ion 
battery is around 0.5 Wh/cm3 (Gottesfeld, 2004). The promise shown by fuel cells 
is clearly seen in the graph (Fig. 2.8) assuming that the technological drawbacks 
are resolved. 
 
  

 
Figure 2.8. Status of fuel cell development and future potential of gravimetric and 
volumetric energy density compared with battery technology (adapted from Kelty, 
2003). 
 
Table 2.5 below illustrates two aspects of the commercialisation of mobile fuel 
cells: the optimistic estimations of commercialisation a few years ago and the 
expected first consumer product, which is the replacement of a laptop battery. In a 
recent survey on portable markets (Baker et al., 2005), the prognosis is similar. 
The electronics manufacturers involved in fuel cells aim at integrated battery 
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replacement, but among the developers they are few in number. The majority plan 
to progress from battery chargers to miniaturised integrated power sources.  
 
Table 2.5. Commercialisation plans for mobile-use fuel cells (adapted from 

hen considering mobile and portable fuel cells and their commercialisation, 

he creation of global standards, legislation, and a fuel distribution infrastructure 

02 2003 2004 2005 2006 2007 Substitute for sec. batteries  Cartridges, aux. power sources
Cas Notebook PCs
Hitachi Notebook PCs
Medis Technologies Cartridges
Motorola Mobile phones
MTI Micro-Fuel Cells Business-use terminals
Neah Power Systems 0-5 to 40 W
NEC Notebook PCs

Mobile phones
Polyfuel Mobile phones
Samsung Group 2 to 40 W
Smart Fuel Cell Portable types, notebook PCs
Toshiba Notebook PCs

Mobile phones

Kazama, 2004). 
20

io Computer

 
 
W
consumer attitudes and the lack of infrastructure, together with the remaining 
technological challenges, are very important factors. Even with a completely 
mature technology, effort is required to change people’s minds about what is 
convenient and what is not. Charging batteries is considered easy, practical, safe, 
and fairly fast. It is easy to find sockets in public places in western countries. 
Refuelling with a fuel ampoule or cartridge is undeniably faster but one has to 
carry a spare cartridge. If the standardisation of fuel composition and cartridge 
types is not successful, one might have to carry several spare ampoules when 
travelling abroad, instead of an 110V/220V adapter; some chargers even have a 
built-in adapter. Amusingly, electric cars are in a similar situation, but the 
argument is the opposite: it is so fast to fuel a car and it takes hours to charge a 
battery. 
 
T
is a challenging task. At the moment methanol is listed as a dangerous chemical in 
most countries and it is not possible to carry it in aircraft cabins. The fuel cell 
industry has worked actively to advance the standardisation and legislation process. 
Smart Fuel Cells GmbH (DE) received approval for the air transport of their 
proprietary fuel cartridges as cargo in 2004. The Dangerous Goods Panel of the 
International Civil Aviation Organisation (ICAO DGP) is allowing the transport of 
methanol cartridges in aircraft cabins as of January 1, 2007 (Fuel Cell Today, 
2005). The action covers micro fuel cells to be carried in the cabin and not as 
cargo, together with two spare fuel cartridges per passenger. The fuel cell types 
which were approved are: direct methanol, reformed methanol fuel cells, and those 
powered by formic acid and butane. The utilisation of hydrogen in metal hydrides 
and borohydride compounds was not included in the decision. The decision was 
submitted to the ICAO general meeting this year. Additionally, fuel cell power 
sources now have a design and performance specification (IEC Publicly Available 
Specification 62282-6-1) approved by the International Electrotechnical 
Commission (IEC); each device taken into an aircraft has to have an IEC 
certification. To get the final approval would have an important effect on the 
commercialisation of mobile fuel cells. Another challenge is that most fuel cell 
companies have proprietary cartridge designs and fuel compositions. To get 
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consumers, not only gadget fans, to approve the new technology, the fuel ampoules 
should be standardised in a similar way as batteries are today (A, AA, etc). 
 
According to one expert opinion, early adopters of small fuel cells may be found in 
countries such as India, where electricity is not as inexpensive as in the western 
world and either wall sockets are not easy to find in public places or it is prohibited 
to use them. An example of the present commercialisation phase of mobile fuel 
cells is the contract between Samsung and MTI Microfuel Cells to introduce the 
Mobion technology in Samsung’s new prototypes of mobile phones and accessories 
(Kotilainen, 2006). Samsung is relying on a market forecast according to which 
the fuel cell market would amount to about 80 million units in 2012.   
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2.3. Biological fuel cells 
 
2.3.1. Introduction 
 
The operation of the fuel cells described in Section 2.1-2.2 is based on metallic 
catalysts. The following section explains biological fuel cells and their technology 
and possible applications. If one compares the structure of PEMFCs and DMFCs 
to that of biofuel cells, one can find many similarities. Like all fuel cells, a biofuel 
cell has an anode and a cathode, which are separated by a proton-permeable layer. 
Additionally, the potential difference between the two electrodes must be large 
enough, as in conventional fuel cells.  
 
The principal difference between the previously described fuel cells and biological 
fuel cells is the nature of the catalyst. An elementary definition of a biological fuel 
cell (later: biofuel cell) is that it is a device which transforms the chemical energy 
of a substrate, a fuel, directly into electricity by means of the catalytic power of 
biological matter. Palmore and Whitesides (1994) put it in the following way: “a 
biological fuel cell is a device which is based on the enzymatic reactions in either 
living microorganisms or of isolated proteins, the enzymes”.  
 
The principle of biofuel cells was discovered in the early 20th century by an English 
botanist, M. C. Potter (Potter 1912). Space exploration has had a strong influence 
on the study of biofuel cells. In the 1960s energy generation from waste and the 
urine or faeces of astronauts was under study. One of the cornerstones of the study 
of biofuel cells in the 1960s was the demonstration of electron transfer in a 
flavoprotein enzyme system by Yahiro (1964). In the late 1980s and early 1990s, 
interest in the study of biofuel cells started to awaken again, Bennetto being one of 
the most active microbial fuel cell promoters. In the field of enzymatic fuel cells 
Wingard, Palmore, Katz, Ikeda, and Kano have often been cited. In this thesis 
microbial fuel cells are only briefly explained. The principle of microbial fuel cells 
has been explained by Bennetto (1984) and Allen and Bennetto (1993), and more 
recently by Logan et al. (2006). An extensive review of the subject can be found in 
Bullen et al. (2006). 
 
One benefit of biocatalysts is that they function in milder conditions, mostly in 
physiological conditions, and therefore inexpensive materials can be utilised for the 
fuel cell components. Another advantage is the broader choice of fuels. The 
utilisable fuels include carbohydrates (sugars), alcohols, waste water, and organic 
waste, to mention but a few. A third reason is the potentially less expensive 
catalysts, which are easy to mass-produce (e.g., production of the enzymatic 
additives in detergents). Having said that, it should be noted that platinum is not 
the major cost factor in metal catalyst fuel cells. The membrane is the biggest  
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Biologically catalysed fuel cells

 
Figure 2.9. Classification of different types of biological fuel cells (adapted from 
Bullen et al., 2006). 
 
individual cost. Additionally, a biodegradable power source could be created with 
enzymatic catalysts.  
 
The disadvantages of biofuel cells are their lower power density and the shorter 
lifetime of the biocatalyst (both storage and operating lifetime). The highest 
reported power density of 5 mW/cm2 was disclosed at a conference by the company 
Akermin (Akers, 2005). However, the test system and experiment conditions were 
not explicitly explained. The same group has published a power density of 1.6-2 
mW/cm2 in scientific forums (Akers et al., 2005).  
 
Biofuel cells are categorised into two groups according to how the process is 
organised: direct and indirect. Indirect biofuel cells are those where the biological 
catalysis occurs in a separate reactor or chamber. The biological part of the 
process functions in the same way as a reformer. Biofuel cells that use living 
microorganisms as a catalyst are typically indirect. The microbial fuel cell set-up 
developed at the Automation Technology Laboratory is shown in Figure 2.10. The 
substrate is metabolised separately in the biofilm sponge. The electrons are carried 
from the reaction site to the fuel cell electrode by a mediator. A mediator is a 
chemical substance which is an electrochemically active and usually small-sized 
molecule able to penetrate cell walls. The mediator has a strong electron affinity 

Microbially catalysed 
Use whole living organisms to 
continuously supply the 
catalytic enzymes 

Enzymatically catalysed 
Use isolated and purified 
enzymes to act as specific 
catalysts 

Activated solution 
The active component is in free 
suspension in the electrolyte. 
Mediators may be in suspension 
or located at or in the electrode. 

Activated electrode
The active component is 
somehow localised at the 
electrode surface. Mediators are 
usually similarly confined. 

Product type 
The enzymatic reactions 
produce a secondary fuel 
that is reacted to waste at 
the electrode 

Mediated transfer
The enzymatic reactions 
are mediated by a 
molecule acting as an 
electron shuttle to the 
electrode 

Direct (Unmediated) 
transfer  
The enzymatic system 
communicates directly 
wiht the electrode without 
need for a mediator 
compound 
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and is able to capture an electron from the reaction site and carry it to the 
electrode. In a direct biofuel cell the catalysis reaction occurs at the electrode 
chamber. The biocatalyst can be fixed or immobilised on the electrode (activated 
electrode) or be free in suspension in the electrolyte (activated solution) (Fig. 2.9). 
The direct biofuel cells are typically enzyme-catalysed biofuel cells.  
 
 

 
Figure 2.10. Set-up of the microbial fuel cell developed at TKK (Zhang, 1995). 
The fuel is reformed by the microorganisms in the bioreactor (on the left) and the 
charge is carried by the mediator to the separate fuel cell unit (on the right). 
 
There are three different methods of electron transfer: the product type, mediated 
and unmediated electron transfer (Fig. 2.9). In the first one a secondary fuel is 
produced and reacted at the electrode. The mediated electron transfer is based on 
an electrochemically active mediator molecule as described above. Unmediated 
electron transfer between the enzyme and electrode surface is direct and does not 
require an additional step as in the mediated electron transfer.   
 
The application areas are as the power source of electronics such as DMFCs, 
biodegradable disposable batteries (biobatteries), and the generation of energy 
from the sludge in waste water treatment plants or other organic waste treatment. 
The ultimate application would be self-fuelling or self-feeding robots. 
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2.3.2 Principle of biocatalytic power generation 
 
Bioelectrocatalysis, the basis of biocatalytic power generation, describes the 
phenomenon associated with the acceleration of electrochemical reactions in the 
presence of biological catalysts, such as enzymes (Tarasevich, 1985).  The 
biocatalyst can also be a microorganism as mentioned previously.  
 
Energy-generative reactions occur naturally in living cells in animals and 
microorganisms. The natural metabolic reaction could be described as a “cold 
combustion” reaction. The living cell metabolises energy-rich substances, such as 
glucose, to provide it with energy at a physiological temperature (Eqs. 2.5 and 
2.6). In the cell the extraction of energy contains the oxidation of fuel molecules 
via the citric acid cycle followed by oxidative phosphorylation. The electrons 
released in the reaction chain are carried by the intermediates, e.g. NADH. The 
terminal electron acceptor of the respiratory chain is oxygen.  
 

C6H12O6 + 6 H2O → 6 CO2 + 24 H+ + 24 e-            (2.5) 

6 O2 + 24 H+ + 24 e- → 12 H2O              (2.6) 
 
The metabolic reaction is based on enzymatic reactions inside the cells. The 
enzymes function in the same way as metal catalysts: they reduce the Gibbs free 
energy of activation. The enzymes are usually highly specific to their substrate, i.e. 
one enzyme expresses activity towards one substance. The enzyme recognises its 
substrate with a lock-and-key method. The steps of the enzymatic reaction are 
illustrated by Equation 2.7. First, a complex of enzyme and substrate, ES, is 
formed. In the second phase the enzyme changes the substrate molecule. Finally, 
the enzyme releases the product, P, without being changed in the reaction. 
   

E + S → ES → E + P          (2.7) 
 
The principle of a biofuel cell is depicted in Figure 2.11 below. In a fuel cell the 
electrons released in Reaction 2.5 would be captured at the anode electrode and led 
through an external circuit to the cathode electrode. The protons would pass 
through the membrane to the cathode, where these two would combine, together 
with oxygen or another terminal electron acceptor. 
 
A paramount issue in any type of fuel cell is the efficiency of the electron transfer 
to the electrode. As mentioned earlier, the two principal methods of electron 
transfer utilised in biofuel cells are unmediated (or direct) and mediated transfer 
as mentioned earlier. Figure 2.12 depicts these two methods. The rate of electron 
transfer in vitro, between an enzyme and an electrode – an unmediated reaction – 
is naturally quite slow (Senda, 1990; Ikeda and Kano, 2001). The enzymes do not 
readily release electrons to an artificial electrode surface. Especially in the case of 
redox enzymes, a direct electron connection to the electrode is not possible, 
because of the enzyme’s electrical insulation (Heller, 1990). 
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Figure 2.11. Operational principle of a biofuel cell.  
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Figure 2.12. Electron flow in mediated (a.) and unmediated (b.) 
bioelectrocatalysis. MRE = reduced mediator, MOX = oxidised mediator, EOX = 
oxidised enzyme, ERE = reduced enzyme, S = substrate, i.e., fuel, P = product, H+ = 
proton, e- = electron, H2O = water, O2 = oxygen 
 
In mediated bioelectrocatalysis a mediator is utilised to transfer the electrons 
released in the enzymatic reaction from the vicinity of the enzyme to the electrode 
surface. A mediator is an electrochemically active substance which shuttles 
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between the activity centre of the enzyme and the surface of the electrode, 
changing its redox state. The enzymes are highly specific towards their substrates 
but the specificity to the mediator is not as limited (Senda, 1990). In theory, the 
mediator is not consumed in the reaction, but in practice a reduction in the number 
of active molecules has been observed (Zhang et al., 2006). Many of the suitable 
compounds are unstable or tend to oligomerise, to form chains of molecules, thus 
losing active electron carriers. According to Tarasevich (1985), a good mediator 
has to meet certain specifications: 1) there has to be fast interaction between the 
mediator and activity centre of the enzyme; 2) the oxidation-reduction potential of 
the mediator has to be near the enzymatic reaction, and 3) the mediator should be 
subject to electrochemical oxidation (or reduction) on the electrode under 
conditions close to reversible ones. Mediators that have been found utilisable are 
methylviologen (MV, E0 = 0,011 V), tetramethylphenylenediamine (TMPD, E0 = 
0,26 V), and phenazine methosulphate (PMS, E0 = 0,54 V). In a mediated 
reaction the potential of the mediator affects the overall potential of the biofuel 
cell. Thus it is favourable to select a mediator that has a potential close to that of 
the enzyme. 
 
 
 
2.3.3 Enzymes as biological catalyst materials 
 
Enzymes have many attractive features: high specificity, efficiency, moderate 
operating temperatures, physiological pH (in the general case, exceptions exist). 
Additionally, they can oxidise a greater variety of fuels than inorganic catalysts. 
Furthermore, they are renewable and inexpensive to produce. With genetic 
engineering, the enzyme can be modified to increase the efficiency or to widen the 
substrate specificity to a larger group of fuels.  
 
The enzymes usually catalyse one step of the metabolic pathway. For example, the 
enzymatic oxidation of methanol to carbon dioxide requires 2-3 enzymes (see 
Equation 2.8). When considering the realisation of MeOH|O2 fuel cells with 
biocatalysts, the right combination of enzymes is able to oxidise methanol to 
carbon dioxide at low overpotentials without producing carbon monoxide (Palmore 
et al., 1998). Successful combinations of enzymes in biofuel cell anodes have been 
published by e.g. Palmore et al. (1998) and Akers et al. (2005). Tables 2.6 and 
2.7 list some of the most common enzymes in biofuel cell studies. It should be 
stated that the choice of anodic fuels and also of catalysts is more versatile than 
that of the enzymatic cathode, even though only a few are presented here. The 
oxidoreductase enzymes that can serve in biofuel cells (and also in biosensor 
electrodes) contain a specific functional group, a cofactor, for the electron transfer 
reaction. In some enzymes the cofactor is soluble (NAD+/NADH). The soluble 
cofactor has to be added to the reaction solution; in this case the electron transfer 
is based on diffusion. The enzymes which are more practical in biofuel cell or 
biosensor electrodes have a more tightly bound prosthetic group or cofactor (PQQ, 
FAD, hemi, Cu2+). Different alkanes or organic acids (lactate, malic acid) can serve 
as fuel.  
 
Whereas for the cathode laccase and bilirubin oxidase are practically the only 
choices. In many biofuel cell studies the cathode reaction, reduction of oxygen, is 
performed by an inorganic catalyst, platinum, or silver. Until recently the study of 
the enzymatic anode was more popular than the enzymatic reduction of oxygen. 
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Active groups in the development of the enzymatic cathode include those of Heller 
(references under Mano et al. and Soukrahev et al.) and Palmore (Palmore and 
Kim, 1999). The typical cathodic enzymes are laccases, bilirubinoxidases, and 
peroxidases. They all possess a bound cofactor or prosthetic group and have a 
relatively high reduction potential. The first two, laccases and bilirubin oxidases, 
reduce oxygen and the peroxidases reduce peroxide to water. 
 
 
Methanol  formaldehyde  formic acid  CO⎯⎯ →⎯MDH

⎯⎯⎯⎯⎯ AldDHMDH / → ⎯⎯ →⎯FDH
2    (2.8) 

 
 
Table 2.6. Feasible enzymes for biofuel cell anode. 
Enzyme Acronym Substrate pH  Reaction1

Alcohol 
dehydrogenase (NAD) 

ADH Ethanol  7 ethanol → 
acetaldehyde + 2 e- + 2 H+

Methanol 
dehydrogenase 
(PQQ) 

MDH Methanol 9.5 methanol  → 
formaldehyde + 2 e- + 2 H+

Glucose oxidase 
(NAD) 

GOx glucose 5 glucose → glucolactone +  
2 e- + 2 H+

Aldehyde 
dehydrogenase (NAD) 

AldDH Acetaldehyde, 
formaldehyde 

8 acetaldehyde → acetic acid 
+ 2 e- + 2 H+

Formate 
dehydrogenase (PQQ) 

FDH Formic acid 7.5 formic acid → CO2 + 2 e- + 
2 H+

1 In the presence of water 
 
Table 2.7. Feasible enzymes for biofuel cell cathode. 
Enzyme Acronym Substrate pH  Reaction1

Laccase (Cu2+) lac oxygen 4.5 O2 + 4 H+ + 4e- → 2 H2O 
Bilirubin oxidase 
(Cu2+) 

BOD oxygen 8 O2 + 4 H+ + 4e- → 2 H2O 

Peroxidase (hemi)  Hydrogen 
peroxide 

5 H2O2 + 2 H+ +  2 e- → 2 H2O 

1 In the presence of water 
 
The maximum current generation with enzymes can be calculated in the following 
manner. The international unit of enzyme activity (IU) is defined as the amount of 
substrate (in micromoles) catalysed per minute (1 IU = 1 µmol of substrate 
consumed per minute at a specific temperature and pH). The enzyme reaction is 
usually known; most reactions release one or two electrons per substrate molecule. 
The generated bioelectrocatalytic current (and also the rate of the enzymatic 
reaction) is the number of electrons released per second (Kano and Ikeda, 2000). 
For example, Equations 2.9-2.10 show that the current generated by one enzyme 
activity unit for one electron reaction would be 1.6 mA per activity unit. 
 

1 IU releases 1 µmol of electrons per minute;  
thus n(e-) = 1 µmol and t = 60 s 
 
Q = nF = 1 × 10-6 mol × 96485 C/mol = 9.65 C; F = 96485 C/mol  (2.9) 

  
I = Q/t = 1.6 mA; t = 60 s  (2.10) 
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However, the maximum current output can usually be achieved only momentarily, 
if at all. In addition, many enzymes usually function at lower rates than the ones 
determined at optimal initial rate conditions.   
 
 
 
2.3.4 Review on recent enzymatic fuel cell studies 
 
The simplest biofuel cell design is based on a soluble enzyme and a mediator, where 
the enzyme and mediator are free in solution and unattached to any support or 
carrier material. Nevertheless, efficient electron transfer may be difficult or 
impossible to arrange in this case because of the relatively long distance between 
the electron transferring mediator and the electrode surface. Bringing the enzyme 
and the mediator into close contact with the electrode enhances the electron 
transfer rate substantially. In addition, immobilisation can stabilise the enzyme and 
prolongs its lifetime. Traditional immobilisation methods from biotechnology are 
also applicable in the construction of biofuel cell electrodes. Two efficient novel 
methods have been developed; one is so-called “wiring” (Heller, 1990; Mano et 
al., 2002; 2003a; 2003b; 2004) and in the other one the enzyme is entrapped in 
modified Nafion (Akers et al., 2005). 
 
Wiring was first designed for biosensor use and refers to the electrical connection 
of biomolecules to redox polymers in order to achieve good transduction to the 
electrode (Katakis and Heller, 1997). The concept is illustrated in Figure 2.13 and 
in more detail in Figure 2.14 below. The concept consists of three parts: the 
biomolecule (enzyme) that is responsible for the catalytic reaction; the redox 
polymer (the wire) that is responsible for electron transfer, and the surface to 
which the redox polymer is fixed (electrode or optically active material). Heller 
(1990) proposed osmium containing redox hydrogels, which can be utilised with 
anodic and cathodic enzymes.  
 
The presented technique makes possible membraneless biofuel cells and ultimately 
the realisation of an implantable glucose sensor (Mano et al., 2002, 2003a, and 
2003b). The operation of an implantable glucose sensor has been verified in a 
grape (Mano et al., 2003a). Mano et al. (2003b) have also reached a high 
operating voltage, 0.78 V, with a power output of 1.2 µW corresponding to a 
power density of 268 µW/cm2 (37 ºC, pH 5) in a fully biological fuel cell. Further 
development of the redox polymer has resulted in a cathode material that is 
reported to have better oxygen-reducing capabilities than platinum and an 
operating voltage of 0.88 V and a power density of 350 µW/cm2 (Soukrahev et al., 
2004).      
 
A MEA-like approach has been presented by a research group at the University of 
St. Louis and a spin-off company, Akermin Ltd. The aim of the study is to develop 
a device that could compete with DMFCs. Their approach is to modify Nafion so 
that enzymes could be immobilised in it (Moore et al., 2004; Akers et al., 2005). 
Nafion is too acidic in its normal state to be used as carrier material. However, 
Nafion treated with quaternary ammonium salt forms a neutral suspension which 
can be utilised to immobilise enzymes. The method protects and stabilises the 
enzymes. Thus it is possible to create an enzyme-modified MEA.  
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Figure 2.13. Methods of electron transfer from the enzyme’s active centre to the 
electrode: direct transfer (above left); hopping (below left); mediated (above 
right), and wiring (below right). Reprinted from J. Biotechnol., 82 (4), 
Schuhmann, W., Amperometric enzyme biosensors based on optimised electron-
transfer pathways and non-manual immobilisation procedures, 425-441, Copyright 
(2002), with permission from Elsevier. 
                                                 

                   

E

 
a.         b. 
Figure 2.14. a. Enzyme wiring (adapted from Katakis and Heller, 1997); b. testing 
an implantable biofuel cell in a living plant (grape) (adapted from Mano et al., 
2003b).    
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Table 2.8. Examples of biofuel cell studies found in the literature. 
Reference Catalyst 

A = anode 
C = cathode 

Anode Fuel mediator pH Anode 
material 

Cathode 
fuel 

Cathode 
material 

Open 
circuit 
voltage 

Current Pow
dens

er 
ity 

µW/cm2Zhang & 
Halme, 1997 

A: Flora of sea 
sediments1

C: Ag 

Glucose, 
fish  

HNQ 8.8 Graphite 
particle 

O2 Oxygen 
diffusion 
Ag-gauze 

0.9 V 25 mA 420 

cm2 2Yahiro et al., 
1964  

A: MDH 
C: Pt 

Methanol, 
formaldehy
de 

PES, PMS 7.0 Pt gauze O2 Pt-gauze 0.3 V 3.7 mA 
at 10 Ω 

19 µW/

Katz et al., 
1999 

A: Gox 
C: COx 

Glucose A:(PQQ)-FAD  
C: Cyt c 

7.0 Au plate O2 Au-plate 130 / 
160 mV 

na 5 
0.9 kΩ 

µW/ cm2 at 

Palmore et 
al., 1998 

A: 
FDH+AldDH     
+ADH & 
diaphorase 
C: Pt 

methanol NAD+/NADH 
&  
benzylviologen 

7.5 Graphite 
plate 

O2 Pt-gauze 0.8 V na 0.67 
mW/cm
0.49 V 

2 at 

Mano et al., 
2002 

A: GOx 
C: BOD 

Glucose Polymer I & 
II3

7.2 Carbon fibre O2 Carbon 
fibre 

na na 4.3 µW
at 0.52

/mm2 
 V 

Mano et al., 
2003a 

A: GOx 
C: laccase 

Glucose Polymer I & 
II3

5 Carbon fibre O2 Carbon 
fibre 

na na 2.68 
µW/mm
0.78 V 

2 at 

Mano et al., 
2004 

A: GOx 
C: BOD 

Glucose Polymer I & 
II3  

7.2 Carbon fibre O2 Carbon 
fibre 

na na 4.8 µW
at 0.6 

/mm2 

V 
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Table 2.9. continue. Examples of biofuel cell studies found in the literature. 
Reference Catalyst 

A = anode 
C = cathode 

Anode Fuel mediator pH Anode 
material 

Cathode 
fuel 

Cathode 
material 

Open 
circuit 
voltage 

Current Power 
density 

Soukrahe
al., 2004 

v et er I & re  A: GOx 
C: laccase 

Glucose Polym
II4

5 Carbon fib O2 Carbon 
fibre 

na na 350 µW/ cm2

at 0.88 V 
Akers et al., 
2005 

A: AD
AldDH 

H + 

C: Pt 

ethanol NAD+/NADH 
 

neutr O2

with Pt 

0.61-
 

Approx.  1.16-2.04 
& methylene
green 

al 
Carbon felt Gas 

diffusion 
electode 

0.82 V 3 
mA/cm2 

5

mW/ cm2  

Akers et al.,
2005 

 s above l r ame as 
above 

V prox.  

mA/cm2 

Same a methano Same as above neut
al 

Same as 
above 

S Same as 
above 

0.71 Ap
3 

5

1.55 mW/ 
cm2

Zhang et al., 
2006 st 

methanol foil KMnO4 Graphite 
foil 

1.4 V 0.38 
mA/cm2 
at 0.67 
V 

 at 
0.67 V 

A: MDH 
C: no cataly

TMPD 9-10 Graphite 0.25 
mW/cm2

1 The anodic 
2 Powe

cat a natural mixture of bacteria and alga ents of t  Sea
r density lated with given inform on and anodic area. 

mer ontaini n
 Cross-linked Polymer I and II. 

5 The approximate value was read from the graph in the article referred to. 
lab

nase; AldDH = Aldehyde dehydrogenase; BOD = bilirubin oxidase; COx = cytochrome oxidase; Cyt c  
c; FAD = flavin adenine dinucleotide; FDH = formate dehydrogenase; GOx = Glucose oxidase; HNQ = 2-hydroxy-1.4-naphtoquinone; MDH = methanol 
dehydrogenase; NAD+/NADH = nicotinamide adenine dinucleotide; PES = phenazine ethosulphate; PMS = phenazine methosulphate PQQ = 
pyrroloquinoline quinone 

alyst was e, which is found in the sedim he Baltic .  
was calcu ati

3 Redox poly
4

s based c ng osmium for the electron tra sfer. 

na = not avai le 
Acronyms: ADH = alcohol dehydroge  = cytochrome
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At first the group utilised NAD-dependent dehydrogenases but later started to 
utilise NAD-independent enzymes which do not require an external cofactor. In 
2005 they claimed to have a biofuel cell with this set-up in operation with a run 
tim 3 nd p ing  density of 5 mW kers, 2005). It 
wa cl r th ce ha zyme-modified M
set-up. Nor were the experiment conditions disclosed in a anner. The P/I 
cu shown in e oc ent 
1.15 mW/cm2  re of m he biofuel cell thanol and had 
PQQ-alcohol dehydrogenase at the anode and bilirubin oxidase at the cathode for 
the oxygen reduction. 
  
As previously described, st bio  cells are like metal catalyst fuel cells and 
have separate anode and cathode compartm s. Katz et a ) and Mano et 
al. (2002) have proposed a non-compartme ised glucos fuel cell, where 
the on xcha rane is cluded m the com . The substrate 
specificity of the enzymes allows membraneless realisation if both the anodic and 
ca  c ima to e  other. The neless structure 
is beneficial for the min io l cell: fabrication of the membrane 
on a micro scale is demanding, as is sealing the device (Mano et al., 2002). The 
substrate specificity of enzymes was o exploite he conceptual 
micromechanical biofuel cell proposed by Kjeang et al. (2006), in which the mixed 
fuel and oxidant flows were mixed. 
 
Table 2.8 ov ists selected biof cell st er with the results of the 

l l develo t the Automation Technology Laboratory. 

 Applic  of el c s 

ential applications o iofuel cells utilising enzyme catalysts are as power 
rces f co er e tronics and min o s lantable power 

s. A o ower urce could repla d   or it could be 
lent p atteries, but would be more environm friendly or even 
rad ncept of the biobatt  by Wilkinson 
) an e al. (20 ). An implantable power source, could, for 
le, run a blood sugar level monitoring and control system, deriving the 

y it de rom th lucose d oxyg p n  circulation.  A 
r m ch is as th ower f pa r, which could 
 the r they ne d from e patie od rc in the future. A 

d potential medical application could be i et a

re  applications of biofuel c  ics are hard to 
of bi ectroca s has already been applied in practice in 

os ors). in et al. (1981) have demonstrated a 
w  the b alyst was methanol dehydrogenase (from 

eudomonas AM1, currently classified as Methylobacterium extorquens) and PES 
 media  T y devel ped an remely  was able to 

ately ethan oncent ions do traight chain 
ry a up to n canol) r the r .  

/cm2 (A
EA or was a test bench 
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There are niche markets such as the implanted blood sugar level monitor developed 
in cooperation with Heller and his co-workers and Therasense Co, presently Abbott 
Diabetes Care. The system, Freestyle Navigator™ was submitted for FDA approval 
in the USA in 2005. Bazhang et al. (2006) have also developed one.  
 
If one considers the potential applications for microbial fuel cells, treatment of 
waste water or organic waste is the first area one thinks of. Integrated to an 
organic waste treatment process a microbial fuel cell could provide extra energy 
and probably somewhat decrease the amount of final output. In the 1960s this was 
also studied in the space exploration projects. Recently, the ESA (European Space 

ency) funded a conceptual study of the same subject which studied how to derive 

 of South Florida has realised a food-powered 
bot named the Gastrobot (Wilkinson, 2000a; 2000b; 2001). This fascinating 

robial fuel 
ell, which acts as an artificial stomach. The gastrobots could serve as lawn movers 
r as helpers patrolling in citrus groves, monitoring soil moisture levels and insect 
festations (Wilkinson et al., 2001). They investigated different natural foodstuffs 

ost practical choice of energy source is 
egetation: grass, hay, or fruit (Wilkinson, 2000b; 2001; Wilkinson et al., 

Ag
power from faeces and other organic waste (Zhang et al., 2005).  
 
A more futuristic application area is the robotics: a biofuel cell-powered robot 
would be able to forage for its fuel like cattle. Generally speaking a fuel cell-
powered robot would have more independence of operation because of higher power 
density. The concept of a gastrobot, an eating robot, was postulated by Wilkinson 
in the late 1990s. Wilkinson and Campbell (1996) suggested several renewable 
energy sources for electricity generation for miniature robots: light, heat, fluid 
flow, and food-powered.   
 
Wilkinson’s group at the University
ro
bio-mimetic approach proposes the possibility of energy self-sufficiency in 
unstructured outdoor environments. The gastrobots are powered by a mic
c
o
in
and came to the conclusion that the m
v
2001a).  In one of the development lines honey and citrus fruits were studied as 
fuel. The juice of one orange (~100 ml), together with 1.5 tablespoons of honey, 
yields 37 Ah at 1.2 V, which corresponds to 8 fully charged Ni-Cd D-cell batteries. 
 

 
Figure 2.15. The gastrobot (Chew-Chew) runs on sugar cubes. (Courtesy of Stuart 
Wilkinson) 
 
Natural foodstuffs create some challenges when used in microbial fuel cells. Many 
of the microorganisms which are useful as biocatalysts are facultative enteric 
acteria (e.g., E. coli, Proteus vulgaris) and have the optimal pH of around 7 b
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(Wilkinson et al., 2001a).  Most of the foodstuffs are more or less acid. A low pH 
can decrease the activity of the microorganism. Another specific problem is waste 
management, or how to get rid of the “undigested” parts of the food (Wilkinson, 
2001). Another food-powered robot, the SlugBot, has been developed by Kelly 

003). This robot feed on insects. In the underwater world autonomous robots 

 to increase the 
ower density 80-fold in a couple of years (see Table 9 above: Mano et al., 2002; 

nerally there is a performance gap when compared to 
gular small fuel cells and, of course, an even larger gap compared to batteries. A 

(2
could utilise plankton as fuel. 
 
As a practical power source the biofuel cell has to fill a credibility gap, a gap of 
performance. Many applications require a power density of 10-100 mW/cm2 
(Bullen et al., 2006), and the power density of biofuel cells is below that. 
Nevertheless, one has no reason to doubt that the technological issues cannot be 
solved in the future. For example, Heller’s group has been able
p
Soukrahev et al., 2004). Advances in biotechnology, materials science, and 
micromechanics will undoubtedly bring about novel solutions and methods.  
 
Bullen et al. (2006) and Davis and Higson (2006) have recently published 
thorough reviews of biofuel cell study. Both groups concluded that biofuel cell 
developers still have some way to go. Niche markets, such as glucose sensors for 
diabetics, do exist, but ge
re
review of earlier biofuel cell studies has been written by Palmore and Whitesides 
(1994).  
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Chapter 3 
 

DESCRIPTION OF THE DMBFC AND THE 

EXPERIMENTS 
 
 
3.1 Concept of the direct methanol biocatalytic fuel cell 
 
The Direct Methanol Biocatalytic Fuel Cell (DMBFC) concept is based on an 
energy generation process utilising bioelectrochemical catalysis (Halme et al., 
2002a; 2002b; Ranta et al., 2003). The system covers the realisation of the actual 
power source covers the complete fuel cell system, with a biological catalyst, fuel 
ell unit, fuel tank, and electronics, and is a stand-alone device (Fig. 3.1). As the c

name implies, the biofuel cell that has been developed has a direct fuel feed to the 
anode. The components, test set-up and experiments will be described in this 
chapter. The operational principle is described in Chapter 4. 
 

 
 
Figure 3.1. Concept of the DMBFC 
 
 
 
3.2 Description of the DMBFC system   
 
 
3.2.1 General aspects 
 
Figure 3.1 illustrates the structure of the DMBFC. For the sake of simplicity, only 
one unit cell represents the fuel cell. The terminology used in this thesis may differ 
somewhat from that used in the conventional fuel cell community. Therefore, the 
terms describing the components of the DMBFC are explained in Table 3.1 below.  
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The operation of 
applied to the elec

the anode is based on an enzymatic catalyst. The enzyme is 
trode in two different ways: 1) in a unit cell the enzyme is fixed 

to a graphite paste with the mediator, and 2) in a stack construction it is mixed 
d in earlier test 
ile in a stack 

 the solution. Graphite foil or perforated steel plates 
ls. 

in
into the anodic electrolyte. A free enzyme in suspension was also use
unit cells. The anodic solution contains a buffer and a fuel, wh
DMBFC the mediator is also in

t collector materiaare used as the curren
 
Table 3.1. Terminology 
Component or compound Description of the term 
  
Fuel cell system The fuel cell unit, electronics, peripherals, fuel tank, and 

oxidant tank if closed cathode type 
Biofuel cell A fuel cell with an enzymatic anode or cathode or both 
Unit cell Entity comprising an anode, a cathode, and a membrane 
Double cell Two unit cells sharing the fuel tank 
Stack N unit cells connected together (N > 2) 
Anode Negative electrode: active components on a support  
Bioanode, biocathode Operation based on a biological cataly

microorganism 
st: enzyme or 

Cathode Positive electrode: active components on a support 
Closed cathode Terminal electron acceptor is stored inside the cathode 

chamber 
Air cathode Atmospheric oxygen as terminal electron acceptor 
Current collector Highly conductive material on top of electrode support 
Electrode backing/support Rigid material used to stabilise the structure 
Electron conductor A component of the paste: enhances conductivity (graphite 

powder) 
Membrane A selective membrane between the anode and cathode 
Binder Component of the paste: improves the processability of the 

paste  
Fuel Source of electrons  
Mediator An electrochemically active compound, which shuttles 

electrons from the activity centre of the enzyme to the 
electrode surface and is not consumed in the reaction 

Oxidant Terminal electron acceptor 
Paste A thick mixture spread on top of the current collector; 

consists of binder, electron conductor, and stabiliser, with or 
without the enzyme and mediator 

Stabiliser Component of the paste: a chemical which enhances th
e/lifetime of the enzyme and/or mediator 

e 
performanc

 
 
An electrical model of the DMBFC is illustrated in Figure 3.2. An interesting part 

 the capacitance CA related to it. In 
 slowness of the reactions at the 

lectrodes and CA by the charge double layer phenomenon, an important factor in 
e dynamic behaviour of the fuel cells. It is a thin layer of charge at the interface 

 electrolyte and acts similarly to a capacitor, in that it 
ores an electrical charge and energy. The activation resistance varies according 

of the model is the activation resistance RA and
a metal catalyst fuel cell RA is caused by the
e
th
between the electrode and
st
to the operating point of the fuel cell.  
 
In a biofuel cell the activation resistance is a product of the dynamics of the 
enzymatic reaction and the electron transfer rate to the anode (i.e., the activity of 
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the mediator). The CA functions in the same way as in a metal catalyst fuel cell. 
The internal resistance RIN, which is an important parameter in a biofuel cell 
process, is the sum of the activation resistance RA and the ohmic resistance RΩ. 

 
U = RI = (RL + RA + RΩ)I (3.1) 
RIN = RA + RΩ (3.2) 

 
 
 
 
 
 
 
  
 
  
 
 
 

 

ic mod L the 
A the a
ltage.

3.2.2 System descripti
 

cture of the unit ure 3.3 and its properties are 
 in Table 3.2 below matic 

anode together with 1) a  
ssium perman e 

ere that both typ

he enzyme was fixed into the anodic paste. The composition of the paste was as 

 
 

 
 
 
Figure 3.2. Electr el of the DMBFC. R  is the loading resistance, RΩ 

ctivationohmic resistance, R
n. U is the vo

 resistance, and CA the capacitance related to the 
reactio
 

   

 
 

on of the DMBFC unit cell 

The stru  cell is illustrated in Fig
shown . Two types of constructions were tested: an enzy

passive oxygen diffusion cathode, or 2) a closed cathode
ganate as the terminal electrohaving pota

stressed h
n acceptor. It should b

es of cathode were non-enzymatic.  

RΩ

U 

CaRa RL

 

 
T
follows: methanol dehydrogenase MDH (2 units), fine graphite particles, paraffin 
oil. The paste was spread onto the anodic current collector, which was graphite foil 
(thickness 0.25 mm). The thickness of the paste layer, i.e., the catalyst layer, was 
0.5 mm. The free volume inside the anode chamber held the buffer solution, 0.2 M 
K2HPO4-NaOH pH 10, and the mediator, 5-8 mM TMPD. The methanol 
concentration was generally 20% or less, but concentrations up to 40% were 
tested. The two electrode chambers were separated with a cation exchange 
membrane (BDH no. 55165, dry thickeness 117 µm, wet thickness 118-120 µm).  
 
As described above, two kinds of cathodes were tested: an oxygen diffusion cathode 
manufactured by Gaskatel GmbH (DE) and a potassium permanganate cathode, 
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i.e. a closed cathode. The air cathode was platinum-free. The reduction of oxygen 
was based on silver and nickel as the catalytic materials. The principle of a closed 
cathode is to include the oxidant in the system. In this case the chosen oxidant was 
potassium permanganate. The cathodic current collector was graphite foil. Silver 
wire w
the ele
cryl, n
ickness of the outer materials was not optimised.  

as utilised as the external connection. Regular alligator clips were used for 
2ctrical connections. The area of the electrodes was 16 cm . Plastics such as 

ylon, and polyoxymethylene (POM) were utilised as casing materials. The a
th
 
 

 
a. b. 
Figure 3.3. The DMBFC unit cell utilised in experiments. a. Schema. b. The unit 

cathode; the vertical cuts on the cover 
e case of the closed cathode the cover was solid plastic. 

 

A CATHODE Oxygen diffusion 
cathode 

Closed 
cathode 

cell in the photo is equipped with the air 
allow oxygen flow. In th
 

Table 3.2. DMBFC unit cell properties. 
NODE  

Buffer 0.2M K2HPO4-NaOH Buffer 0.2M K2HPO4-
NaH2PO4

0.4 M 
KMnO4 in 
H2SO4

M
co

ediator TMPD 5-8 mM pH 6 
ncentration 

2 

Enzyme 
concentration 

 MDH 2 units Current 
collector 

Nickel net & 
graphite 

Graphite 
foil 

pH 10 Terminal 
electron 
acceptor 

Atmospheric 
oxygen 

K2MnO4

Paste Graphite: paraffin Surface area 16 cm2 16 cm2

oil (2:1) 
Current 
collector 

Graphite foil Volume 15-20 ml 15-20 ml 

Fuel MeOH max 20%    
Surface area 16 cm2    
Volume 15-20 ml    
 
 
 

BDH 
membrane

Cathodic 
chamber 

Cathodic
current  
collector Anodic 

current 
collector 

Anodic  
chamber 
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3.2.3 System description of the DMBFC stack 
 
The eight unit cell stack was made of plastic (POM and nylon). The liquid flow 
between each unit cell was realised by connecting individual chambers together 
with plastic tubes. The BDH membrane separated the anode and cathode, as 
before. Perforated metal plates of stainless steel served as current collectors at the 
anode and graphite foil at the cathode. The structure was sealed with parafilm foil. 
The internal fluid flow was made possible with a manual membrane pump at each 
nd of the stack (Figures 3.4-3.5 and Table 3.3).  

CATHODE  

e
 
Table 3.3. Properties of the eight-cell DMBFC stack. 
ANODE  
Buffer 0.2 M K2HPO4-

NaOH 
 0.2 M KMnO4 – 

25% H2SO4

Mediator concentration 8 mM TMPD pH 2 
Enzyme concentration MDH 24 units Current collector Graphite foil 
pH 10 Volume  21 ml 
initiator 21.6 mM NH4Cl   
Current collector Steel plate   
Surface area 58 cm2   
volume 24 ml   
 
T
d
p ion 
f the anodic solution was done in such a way that the liquid would fill the chamber 
ompletely, leaving no gas bubbles or only a few. The enzyme was added halfway 

through the filling of the anodic volume. The volume of enzyme solution was 
t to 24 nits. 

 
hodic sol i istaltic was c a 

manual pump was inadequate.  

he anodic solution was deoxygenated, at first with nitrogen gas and finally in a 
eoxygenator chamber overnight. The stack was filled with nitrogen gas and also 
ut inside the deoxygenator to wait to be filled up with the solutions. The insert

o
c

equivalen  u

The cat ution was recycled w th a per  pump after it lear that 

 

  
   a.     b. 

with the first-generation electronic circuit showing the 
rcular part on the end plate) and b. the 

eration electronics (Salcomp Oy). 
 

Figure 3.4. a. DMBFC stack 
manual membrane pump (the lighter ci
stack with the next-gen
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Figure 3.5. The eight-cell stack of the DMBFC. 
 
The first-generation electronic circuit in Figure 3.4a was designed and built as a 
bachelor’s thesis work (Kangasniemi, 2002). The control circuit converted the 
voltage to 3 V. The electronics were developed further by Salcomp Oy (Fig. 3.4b).  

.2.4 Catalyst – methanol dehydrogenase 
 
Methanol dehydrogenase (EC 1.1.99.8) Methylobacterium extorquens is a 
membrane-associated quinoprotein. Methanol dehydrogenase (MDH) is present in 
all Gram-negative bacteria capable of utilising primary alcohols and primary 
formaldehyde. The basic composition of the enzyme normally consists of two 
identical subunits (α2β2) and contains two molecules of pyrroloquinoline quinone 
(PQQ), a redox cofactor (Fig. 3.6). The molecular weight of an α-subunit is 
approximately (MW=66 kDa), and the PQQ is part of this subunit. Each α-subunit 
contains one calcium ion, which is essential for maintaining the PQQ in its active 
configuration in the active site (Peihong et al., 1995; Anthony, 1996). The β-
subunit is smaller, having an MW of 8.5 kDa. The prosthetic group has a distinctly 

midpoint redox potential, -150 mV vs. SCE, compared to the NADH/NAD+ 
p
a

 
 
 
3

high 
otential of –560 mV versus SCE at pH 7 (+90 mV and -320 mV vs. SHE at 25ºC 
nd pH 7, respectively; Matsushita et al., 2002). PQQ enzymes are particularly 

anode

cathode
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Figure 3.6. Structure of methanol dehydrogenase; the PQQ unit is located in the 
centre of the enzyme (chemical structural formula in the middle) Reproduced with 
permission, from Anthony, Ghosh, and Blake, (1994), Biochemical Journal, 304, 
665-674. 
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interesting as biofuel cell catalysts because the cofactor is bound to the enzyme. 
Thus, the addition or generation of a separate cofactor, such as NAD or FAD, is 
not necessary. 
 
Two general mechanisms for the methanol oxidation by methanol dehydrogenase 
have been proposed (Xia et al., 1996). One involves the covalent addition of the 
methanol to the PQQ prior to its reduction, with the formation of a hemiketal 
intermediate. The other proposed mechanism is a direct hydride transfer from the 
alpha-methyl of methanol to the PQQ. For both mechanisms, acid and base 
catalysis by the enzyme may take place. The base is needed for the abstraction of a 
proton from the hydroxyl of the substrate. An attack on the carbon 5 of the PQQ 
would then occur either by the binding of the substrate via an oxyanion 
intermediate or by direct hydride transfer from the methyl group of the methanol. 
For the direct hydride transfer the following steps occur: (1) association of 
methanol to active site calcium ion; (2) deprotonation of calcium-bound methanol 
by an active site Asp simultaneously with (3) hydride transfer from calcium-bound 
substrate to the carbonyl at the carbon 4 position and formation of a calcium-
bound formaldehyde, and (4) the release of formaldehyde from the active site of 
the enzyme. Anthony (2004) suggests that the present knowledge of the mechanism 
supports hydride transfer and that the same mechanism is valid for all the enzymes 
of this group. An ammonium ion is needed for the expression of MDH activity. 
 
Table 3.4. Properties of the methanol dehydrogenase preparations of Alkomohr 
Biotech Ltd utilised in the research. 
pH optimum 9.5 
Temperature optimum ~40 ºC 
Half-life of enzyme activity at +4ºC1 70 d 
Half-life of enzyme activity at room 
temperature 

30 d 

Methanol tolerance ≤ 20%  
(Up to 40%) 

1 with stabiliser (glycerol) 
 
The properties of the MDH preparations utilised in the study are given in Table 3.4 
above. The optimal pH of MDH was 9.5; it also showed some tolerance to a drop in 
pH without a complete loss of activity. Additionally, the enzyme was found to be 
remarkably stable. The half-life of enzyme activity was 30 days at room 
temperature and 70 days in a refrigerator. Methanol concentrations of 20% or less 
were utilised in testing, but the enzyme tolerated concentrations as high as 40%.  
 
The standard method of activity determination (Day and Anthony, 1990) gives 
quite low specific activity for the MDH. In a fuel cell application, activity values as 
high as possible are naturally preferred. On the other hand, the standard activity 
definition may not give completely accurate information on the enzyme’s 
performance in a fuel cell process. Standard activity assay is designed to show the 
top value of activity for only a short period of time. When considering a practical 
biofuel cell, it is far more important to have an enzyme which is stable and 
functions for long periods of time than to have high initial activity values. During 
t
s
o
 

he study the long-term activity of the MDH was observed to be 10% of the 
tandard activity measurement value in fuel cell conditions. In addition, one batch 
f enzyme was able to operate the fuel cell for two weeks with pH control.  
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3.2.5 Mediator - TMPD 
 
As mentioned above, the redox reaction occurs in the activity centre of the enzyme. 

 the case of MDH, the activity centre, i.e., the PQQ prosthetic group, is located in 

E). 
tion states: R (colourless), S.+ (blue), and T++ (deep blue) 

(
T tate, S.+, is the well-known reagent Würster’s 

elected mediator has a high reaction constant with reduced MDH 
. The abil ty of TM readily release electrons of the 

aterials lly. 

In
the inner part of the enzyme. Because of the location of the activity centre, placed 
inside an otherwise non-conductive enzyme molecule, there exists a restriction on 
the electron transport to the actual electrode (see Section 2.3.2). Therefore, a 
mediator is required to enhance the electron transport to the anode electrode. An 
appropriate mediator for MDH has to have a higher standard potential than the 
PQQ molecule (E0(PQQ) = -150 mV vs. SCE pH 7; Matsuhita et al., 2002). 
Nevertheless, it is not beneficial to have too large a potential difference between 
the mediator and the activity centre. This would lead to poorer performance 
because of the increased overall potential of the anode and consequently reduced 
overall voltage of the fuel cell. The mediator also has to have good stability in the 
fuel cell conditions to ensure the system’s operation over a long period of time. The 
mediator itself is not consumed in the reaction.  
 
For the DMBFC the mediator of choice was N,N,N’,N’,-tetramethyl-p-
phenylenediamine (TMPD). The standard potential of TMPD is +37 mV (SCE at 
pH 7). However, the high pH of the anodic solution changes the potential of the 
mediator from the reported value to -55 mV (measured at pH 10 against SC
TMPD has three oxida
Fig. 3.7). The basic form R is the reduced form of TMPD and the cations S+ and 
++ are oxidised forms. The second s

Blue. The s
(Frank et al., 1988) i
reduced form to many electrode m

PD to 
has been proven experimenta

Me Me

Me Me
N

N

 Me Me

Me Me
N

N

    Me Me

•+ Me Me
N
+

N
+

 

  R (colourless)       S.+ (blue)    T++ (deep blue) 
 
Figure 3.7. The three redox states of the mediator TMPD. 
 
TMPD can oligomerise in aqueous solutions, i.e., the molecules form short chains 
((TMPD)n, n=2-10). Like most mediator substances, it is more stable in organic 
solvents. The experiments support this; TMPD is not stable in inorganic buffers 
such as a phosphate buffer. Fresh TMPD solution contains all three oxidation 
states of TMPD, the colourless form R being the dominant one. Michaelis et al. 
(1939) suggested that the instability is caused by dimerisation or oligomerisation 
of the TMPD molecules. Frank et al. (1988) reported that the oxidised fo +

++ ++
rms, S  

nd T  radicals, especially T , were much less stable when compared to the R a
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form. The Radical T++ dimerised or oligomerised, rendering the colour of the 
lution light brown in time. Oligomerisation is an irreversible reaction and 

 loading 
at 2 Ω for 2 minutes. The internal resistance was defined by the Equation 3.3 
below. The OCV is designated as UOCV L, RL is the load 
resistance and UL is the load voltage at the end of the first minute of discharge.  
   

RIN= RL*(UOCV – UL)/UL         (3.3)  
  
 

so
permanently deactivates the mediator.  
 
 
 
3.2.6 Stabilising agents 
 
A stabiliser is a chemical compound which improves the stability of the mediator. 
Peihong et al. (1995) reported that some oxides and salts have a beneficial effect 
on the electron transfer between the mediator and anode current collector. These 
chemicals may function as catalysts or by modifying the surface charge. Three 
metal oxides (TiO2, Al2O3, Fe2O3) and one ferrocyanide salt (K3Fe(CN)6) were tested 
for their stabilising effect. 
 
 
 
3.3 Experiments 
 
 
3.3.1 Electrical characteristics and the test set-up 
 
The electrical characteristics were determined with the following system: the fuel 
cell, unit cell (Fig. 3.8), or stack (Fig. 3.9), was connected to a connection board 
and an adjustable resistor. The open circuit voltage (OCV) was determined after 
the voltage curve had stabilized. The short circuit current was measured by

, voltage under load U

 
Figure 3.8. Measurement set-up for the unit cell tests. Several unit cells in testing. 
Water-filled pipette cones are used as caps. 
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The performance tests to determine capacity, power density and current density 
were performed under constant load. The data acquisition was performed with a 
Fluke 189 multimeter (Fluke Corp., USA). The system set-ups are illustrated in 

igures 3.8 and 3.9. F
 
 

 
Figure 3.9. Test setup for the DMBFC stack.  
 
The connection board shown in Figure 3.9 above was built for the stack testing. It 
made possible the measurement of individual cells and two to eight cells connected 
in parallel. The schematic is presented in Figure 3.10. 
 
 

 
 
 
Figure 3.10. Schematic of electronic connection board utilised in stack testing (on 
a larger scale in Appendix 1). 
 
A
(2005). The principle was to connect the ce

nics.  
 

 novel protocol of loading for the DMBFC was created and tested by Kielosto 
lls in parallel, load one cell at a time, 

and convert the voltage with electro
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3.3.2 Experiments related to MDH 
 
Estimation of the rate of fuel utilisation, ηFUEL, was based on the coulombic output 
of the DMBFC over a period of time and the coulombic value of the reacted 

ethanol. Since the laboratory equipment did not allow recording of the changes in 
tion of the anode solution, the amount of methanol 

consumed in the reaction had to be defined indirectly. 
 
Three buffer solutions were tested for their buffering capacity by titration with 
3.98 M formic acid (100 mM phosphate buffer, 200 mM phosphate buffer and 
100 mM sodium borate).  
 
 
 
3.3.3. Experiments related to TMPD 
 
The dependence of mediator and current output was determined by measuring the 
current output with different concentrations of TMPD. The tests were performed 
with 0-10 mM TMPD solution in the unit cell. 
 
T diator was tested by measuring the 
bsorbance of 0.5 mM TMPD in phosphate buffer solution at pH values 7-11. The 

continuous charge-discharge 
ycles on the mediator solution. The experiment was performed with the closed 
athode unit cell; the anodic solution contained 0.5 mM TMPD buffer solution 

without any enzyme. The TMPD solution was discharged by short-circuiting for 90 
minutes and charged by applying -400 mV voltage to the cell for 90 minutes 
repeatedly. The absorbance of the TMPD solution was measured every 10 minutes. 
All the absorbance measurements were performed with a spectrophotometre 
(Ultrospec 3100, Biochrom, UK). 
 
The stabilizing effects of titanium dioxide, TiO2, aluminum oxide, Al2O3, iron oxide, 
Fe2O3 and potassium ferrocyanide, KFe(CN)6 were also tested also with the closed 
cathode unit cell. The chemical was mixed into the graphite paste (approx. 0.2 % 
w/w). The reference anode was prepared by coating a graphite foil with a carbon 
paste with no additives. 

m
the methanol concentra

he effect of pH on the absorbance of the me
a
stability of TMPD was tested by recording the absorbance change at 563 nm of a 
0.5 mM TMPD solution subjected to daylight and atmospheric oxygen. Conditions 
in a biofuel cell were simulated by testing the effect of 
c
c
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Chapter 4  
 
POWER GENERATION IN A DIRECT METHANOL 
BIOCATALYTIC FUEL CELL 
 
 
4.1 Generation of electromotive force in the DMBFC 
 
The purpose of this chapter is to identify the different factors affecting the power 
eneration of the DMBFC. The principle of energy generation in a biofuel cell was 
xplained in Chapter 2. The operational principle of the DMBFC is based on the 

the methanol dehydrogenase from 
 and mediated electron transfer by TMPD. Equations 

ble of releasing four electrons per 
ethanol molecule in two steps (Eq. 4.1-4.2). The first reaction is more dominant 

anganate, the end product is manganese dioxide 
q. 4.7). 

 CH2O + 2 H+ + MDHRE  (4.1) 
 
CH2O + H2O + MDHOX  CHOOH + 2H+ + MDHRE   (4.2) 

  
The mediator captures electrons from the enzyme’s activity centre (i.e. from 
the reduced enzyme)  

 
MDHRE + TMPDOX  MDHOX   + TMPDRE  (4.3) 
 
 

g
e
enzymatic breakdown of methanol by 
Methylobacterium extorquens
4.1 to 4.6 describe the complete chain of reactions occurring inside the fuel cell. 
 
Methanol dehydrogenase is theoretically capa
m
than the second one. The released electrons are attached to the activity site of 
MDH, thus changing the oxidation state of the enzyme. The enzymes do not 
generally readily release electrons to artificial electrode surfaces (Senda, 1990; 
Ikeda and Kano, 2001; Heller, 1990). The enzyme is a large molecule and if the 
activity centre is located in the inner part of the molecule, the distance between the 
electron and the electrode surface is large. A mediator is therefore needed to 
enhance the transfer rate. As described in Chapter 2, the mediator shuttles between 
the enzyme and anode electrodes, transporting electrons (Eqs. 4.3-4.4). On the 
cathode the electrons which have travelled through the external circuit are 
combined with hydrogen ions (or other positive ion species) that have travelled 
through the membrane and oxygen, producing water (Eq. 4.6). As for a closed 
cathode containing potassium perm
(E
 
  
 Enzymatic breakdown of the fuel in the anode chamber  
 

CH3OH + MDHOX   ⎯→⎯

 ⎯→⎯

 ⎯→⎯
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On the surf
mediator 

ace of the anode electrode the electron is released from the 

 
-  (4.4) 

al electron acceptor is a chemical 

 
3e- + KMnO  + 4H+ → MnO  + K+ + 2H O  (4.5) 

Cathodic reactions when the terminal electron acceptor is atmospheric 

T
n 

ow from the fuel to the oxidant in order to reveal the bottlenecks in the electron 

e maximum current output can usually be achieved only momentarily, if 
t all, and many enzymes usually function at lower rates than defined by the 

ty measurement.  

       
   
      MnO4

 1.25 V 

TMPDRE ⎯→⎯  e  + TMPDOX 
 
Cathodic reactions when the termin
oxidant  

 

4 2 2

 

oxygen  
 

O2 + 4 e- + 4 H+ ⎯→⎯  2 H2O  (4.6) 
 

he multistep reaction of fuel oxidation increases the number of limiting factors in 
the electron transfer. Therefore it is necessary to examine each step of the electro
fl
transfer reaction.  
 
The theoretical maximum current output for MDH can be determined as in Section 
2.3.3 (Eqs. 2.9-2.10). As mentioned above, the number of electrons released per 
methanol molecule is four. Therefore the theoretical maximum current is 6.4 mA 
per unit of enzyme activity. 
 

1 IU of MDH releases 4 µmol of electrons per minute; thus n(e-) = 4 µmol 
and t = 60 s 
 
Q = nF = 4 × 10-6 mol × 96485 C/mol = 38.6 C; F = 96485 C/mol (4.7) 

  
I = Q/t = 6.4 mA; t = 60 s  (4.8) 

 
However, th
a
standard activi
 

    
-

   TMPD  
  PQQ  0.26 V   
methanol  0.09 V     

-0.     4 V   
 
Figure  of th f m the fuel to the oxidan
potential change (standard potentials at pH 7 vs. SHE).  
 
Figure 4.1 illustrates the proposed pathway from the fuel, methanol, to the 
oxidant, potassium permanganate. The theoretical open circuit voltage for 
methanol⎪potassium permanganate fuel cell is 1.65 V.  
 

 4.1. Proposed path e electron transfer ro t with 
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4.2 Phases of energy generation in the DMBFC 
 
 
4.2.1 Flowchart of the process 
 
Figure 4.2 describes a model of the direct methanol biofuel cell on a general level. 

dy the effect of each mechanical or chemical factor on the power 
genera

e oxidation reaction of the fuel in which electrons and protons are released and a 
byprodu
anode electrode surface. Subprocess 3 involves the proton-permeable membrane, 

hich separates the anode and the cathode.  Subprocess 4 is electron transfer to 
the ca surfa ubprocess 5 the reduction reaction o
xidant. The terminal electron acceptor can be either atmospheric oxygen, also 

 
 

l of the direct methano lytic fuel cell.  
1: Oxidation of the fuel; 2: Electron transfer to the anode electrode surface; 3: 
Membrane processes; 4: Electron t nsfer t  the cathode electrod  surface; 5: 
Reduction reaction of the oxidant:  a) atmospheric oxygen or b) a chemical 

In order to stu
tion, the process is divided into five separate phases. Subprocess 1 involves 

th
ct, formate, formed. Subprocess 2 consists of the electron transfer to the 

w
thode electrode ce and S f the 

o
involving the diffusion of the oxygen (5a) or a chemical oxidant (5b), if a so-called 
closed cathode is applied. The electronics are denoted as Subprocess 6. 

Figure 4.2. Process mode l biocata

ra o e

oxidant. (R.P. = reduced product) 

Fuel

Byproducts

_

_ _

_

H+ H+

H+

H+

O2

H2O

Ox

R.P.

IP IO

ElectronicsUP WP WO

UO

1 2

b

3 4 5

a

Anode Membrane Ca odeth
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Table 4.1. Subprocesses of the model in the DMBFC illustrated in Figure 4.2 

ubprocess Description of the step Section 
above. 
S
1 Oxidation of the fuel  4.2.2 
2 Electron transfer to the anode electrode surface  4.2.3 

 
3 Membrane processes 4.2.4 
4 Electron transfer to the cathode electrode surface  

 
4.2.5 

5 Reduction of the terminal electron acceptor:  
a) atmospheric oxygen  
b) a chemical oxidant 

4.2.6 

6 Electronics 4.2.7 
 
 
 
4.2.2 Subprocess 1: Oxidation of the fuel 
 

formic acid e restrictions 

 

 
- ity per unit 

ental conditions 

-  

- 
- the te
 

rformance in 

he 
 

escribed in Section 3.2.4. The standard activity measurement gives quite low 
ecific activity for the MDH, but the standard activity measurement does not give 

r has proven 
t
 
T
m ironmental factors: pH and temperature. The 
optimal pH of methanol dehydrogenase is 9-9.5. At lower pH values the enzyme is 
inactivated and below a certain pH the activity will not recover as a result of the 
adjustment of the pH. Thus, the inevitable formation of formic acid is a crucial 
issue for the energy generation. Elimination of the negative effect of formic acid 
(pKa = 3.75) is difficult. Therefore the buffer has to have strong buffering capacity 
in order to keep the pH of the solution around 8-9 in order to keep the enzyme 
functional. Additionally, in a fuel cell the buffer has to have good ionic conductivity 

At the anode the fuel, methanol, is oxidised by MDH. The reaction products are 
, electrons, and protons. In the first subprocess the possibl

are the efficiency of the enzymatic reaction and the access of the enzyme to the fuel 
molecules. Generally speaking, several factors affect the reaction rate and viability
of an enzyme; these include: 

the specific properties of the enzyme: specific activity (activ
mass), turnover number (activity per mole of enzyme, number of times the 
enzyme molecule reacts per second), sensibility to environm
outside the optimum 
the concentration of the fuel and/or products (i.e., substrate or product
inhibition) 
the pH of the reaction solution 

mperature  

Although a high specific activity would generally imply a good pe
terms of energy generation, it is more important to have a fairly good turnover 
number and endurance towards the unnatural conditions in a fuel cell. T
properties of the enzyme utilised in this study, methanol dehydrogenase, were
d
sp
eliable information on the long-term activity level of an enzyme. MDH 
o be remarkably stable in fuel cell conditions and in storage.  

he first potential bottleneck, the efficiency of the enzymatic oxidation of 
ethanol, is affected by the env
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values so as to minimise losses in ionic transfer, which in turn increase the internal 
r
 

p has negative effect on the enzyme activity if it 
ls below o timal conditions determined by the characteristics 
an enzym creases with sing 

temperature and finally stops completely when the solution becomes frozen. 
vertheless y can be maintained and restored when it thaws. 
at (50-60 ture of the enzyme and 

The second e physical contact of the enzyme molecule and 
 methan talyst layer is a complex mixture of graphite 

rticles, bi and stabilisers (Figure 4.3). Due to the 
hysical thickness of the catalyst layer, some of the enzymes are buried too deep in 
e material to be in contact with the fuel molecules. In order to have all the 

 fuel, a perfect monolayer of the 
ironmental factors would have to 

esistance of the cell.  

Generally s eaking, temperature 
fal r rises above the op
of e. In cold conditions the reaction rate de decrea

Ne , the enzyme activit
He  ºC), on the contrary, destroys the protein struc
the activity is los
 

t permanently. 

bottleneck relates to
. The ca

 th
the
a

ol molecule
nder, enzyme, mediator p

p
th
enzyme molecules active and in contact with the
enzyme molecules would be required and the env
be under perfect control.  

 
 

Catalyst 
layer 
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Figure 4.3. Detailed schema of the reactive layer describing the composition of the 
paste, which contains all the functional elements. The catalyst layer and current 
collector form the anode electrode. 
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4.2.3 Subprocess 2: Electron transfer to the anode electrode surface 
 
The second subprocess is the electron transfer from the active centre of the enzyme 

n oxidised mediator molecule and therefore the 
lectron cannot be passed from the enzyme to the electrode. The current collector 

inim of the fuel and mediator from the anode to the cathode. 
dditionally, if there is a strong pH gradient between the two compartments, as in 

the DMBFC with a closed cathode, there is a risk of an unwanted backward flow of 
protons. 
 
 
 
4.2.5 Subprocess 4:  Electron transfer to the cathode electrode surface  
 
In an oxygen diffusion cathode the composition of the catalyst layer affects the 
electron transfer rate in the same way as at the anode, as described in 
Subprocess 2. In the case of a closed cathode, the actual catalyst was not needed. 
Thus, only the material of the current collector is relevant for the transfer of the 
electrons passed along the external circuit. 
 
 

.2.6 eduction of terminal electron acceptor  

f po  th
D
a

crease air flow) is the one best suited 
r fuel cells intended for mobile electronic appliances.  

he oxygen diffusion cathode utilised here was purchased from Gaskatel GmbH 
(DE) and was a semicommercial product at that time (see Section 3.2.2). 
Therefore, the important factors, the oxygen diffusion rate, catalyst activity, and 
electron conductivity, were in order. To create the best possible conditions for the 

molecule to the conducting surface of the anodic electrode (i.e., current collector), 
performed by the mediator. The transfer rate is affected by the concentration of 
active mediator molecules and the composition of the electron conducting material 
of the catalyst layer. The paste was prepared manually using basic laboratory 
equipment. Consequently, there is a risk that the compounds were not evenly 
dispersed throughout the material. This means that a reduced enzyme molecule 
may not be in contact with a
e
has to have good conductivity and to be inert towards the compounds present at the 
anode. It should be mechanically durable, in case it also serves as a support 
material. 
 
 
 
4.2.4 Subprocess 3: Membrane processes 
 
The purpose of the membrane in a fuel cell is to separate the anode and cathode 
chambers. The most important property of the membrane utilised in a fuel cell is 
high proton conductivity. Other important factors related to the membrane include 
m al crossover 
A

 
4  Subprocess 5: R
 
Efficient reduction o  the oxidant is most im rtant at e cathode. In the case of a 

MBFC there are two options: a passive air-breathing oxygen diffusion cathode or 
 closed cathode with a strong oxidative reagent and no actual catalyst. Generally 

speaking, a passive cathode (no pumps to in
fo
 
T
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oxygen cathode it is important to maintain the pH of the cathode electrolyte fairly 
onstant and to have a buffer solution with a high ion conductance. 

e, the best functionality of the cathode in both cases is achieved by pH 
ontrol. 

ay be high, making the device too large for the application.  

nother aspect is the loading profile of the stack and the connection of the unit 
ells. A stack is usually made by connecting unit cells in series. The number of unit 

ovel idea is to connect the cells in parallel, load one cell at a time, and boost the 

e effect is more pronounced as the cell 
hemistry is slower than in metal catalyst fuel cells. A short loading period empties 
e electrons generated at the anode during the recovery period. 

c
 
The principle of the closed cathode was explained in Section 3.2.2. Its operation is 
based on a strong oxidative chemical. Thus, no atmospheric oxygen or catalyst is 
needed. The reaction pathway of the potassium permanganate depends on the pH of 
the solution (see Equations 4.9-4.10 below). A higher potential is reached with a 
lower pH. 
 

KMnO4 + 5e- + 8H+ → K+ + Mn2+ + 4H2O E0 = 1.491 V  (4.9) 
  

KMnO4 + 3e- + 4H+ → K+ + MnO2 + 2H2   E0 = 1.679 V;  pH <2    (4.10) 
    
To conclud
c
 
 
4.2.7 Subprocess 6: Electronics 
 
A practical fuel cell power source usually needs more than one unit fuel cell to 
generate adequate operational voltage. To make a practical energy generation 
device from a set of several unit cells (a stack), electronics and an “electricity 
buffer” – a battery or an (ultra)capacitor – are required for the control and 
conditioning. The electronics cause a small loss of the primary voltage. In the case 
of mobile fuel cells, the number of unit cells needed to generate a high enough 
voltage m
 
A
c
cells is defined by the target voltage and the voltage generated by the unit cell. A 
n
voltage with electronics. The latter has the advantage that if one cell does not work 
well it does not bring down the whole system. The control electronics can detect the 
impaired cell and leave it unused. In addition, there are indications that periodical 
loading may enhance the performance of the individual cells. This applies to metal 
catalyst fuel cells as well. In biofuel cells th
c
th
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Chapter 5  

 
RESULTS AND DISCUSSION 
  
 
5.1 Outline of the chapter 
 
This chapter describes the main results achieved in the 3-year research. Sections 
5.2 to 5.5 report the rate of fuel utilisation and issues related to pH and also the 
improved stability of the mediator and performance of the cathode. The 
experiments were performed with the unit cell. The results of stack tests will be 
described in Section 5.6 and the overall assessment of the results is given in 
Section 5.7.   
 
 
 
5.2 Oxidation of the fuel 
 
To determine the rate of fuel utilisation, ηFUEL, of the DMBFC, one has to consider 
two facts. Firstly, the enzymatic reaction catalysed by MDH releases four electrons 
from methanol out of the total of six released in complete oxidation. Thus, the 
maximum fuel utilisation in the enzymatic oxidation of methanol is 67%. The 
other factor is the efficiency of the enzymatic reaction. The estimation of the 
efficiency was based on the coulombic output of the fuel cell, QOUT, and the 
coulombic value of the reacted methanol, QFUEL, as defined by Equation 5.3. The 
risk of the inactivation of TMPD was minimised by having an excess of the 
mediator. The amount of reacted methanol had to be determined indirectly. Figure 
5.1 depicts a load curve of the DMBFC. 
 
The coulombic conversion rate of the fuel, ηfuel, is defined by Equation 5.1. 
 

ηFUEL = QOUT / QFUEL  (5.1) 
 
The coulombic output estimated from the load curve (Fig. 5.1; t = 2-22h). 

  QOUT =     (5.2) 

 QOUT ≈ 600 C 
 
The electrical quantity of the fuel estimated by the formation of formic acid 

 
QFUEL = N n(MeOH) F   (5.3) 

 
 QFUEL = 1100 C 

 
F = Faraday constant, 96484.56 C/mol 
N = 4 electrons / 1 methanol molecule released by MDH 

 

∫
t

dttI
0

)(
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ηFUEL ≈ 0.55
 

                            

he experiments showed that 55-60% of the methanol put into the anode was 
On the basis of the result and the fact 

xidation is 67%, the 
ficiency of the enzymatic reaction was estimated to be over 70%. 

   

T
converted into electricity (ηFUEL = 0.55-0.6). 
that the maximal conversion of enzymatic methanol o
ef
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Figure 5.1 Load curve of the DMBFC from April 2003 (R

0,6

U
 (V

)

 24 h and 48 h are caused by refreshment 
lutions. 

 order to function properly, the surroundings of an enzyme have to have a pH 
suitable for the enzyme. The formic acid produced by the MDH is a classified as 

eak acid (Ka = 1.77×10 , pKa = 3.75; T = 20 ºC). The rate of production of the 
 acid is 

formed. Formate is reported to inhibit the activity of MDH of the yeast Candida 
oidin oncent on of 7.4 mM (equals 340 mg/l)(Volfová, 1980). A fast 

drop in pH has been observed in the course of experiments, even though exact 
ormic acid generated has not been possible. The small volume 

f the anode electrolyte increases the challenge. To illustrate this, the anolyte was 
he pH 

dropped below 7 with the addition of 6 µl of formic acid (Fig. 5.2). The resulting 
concentration was 38 mM regarding formate, i.e., 5 times the reported inhi
concentra ress activity at a pH of 7 or below. To put the 

nd in relation with the DMBFC, the formation of the acid 
can be roughly estimated on the basis of the reactions presented above (see Section 
4.1) an ns observed as current are derived 
from th pletely oxidised to 

rmic acid. With ideal conversion, the inhibition limit is reached in a little over  
 

L = 100Ω, 100 mM 
sodium borate buffer). The nudges at t =
of the electrolyte so
 
In

-4w
acid is dependent on the current output; the higher the current, the more

b ii at a c rati

measurement of the f
o
titrated with formic acid (99.9%). With an anolyte volume of 4.2 ml t

bition 
tion. MDH does not exp

former in perspective a

d a few assumptions. Half of the electro
e second reaction, assuming that the formaldehyde is com

fo
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Figure 5.2. Buffering capacity of 200 mM phosphate buffer at changing 
concentration of formic acid (99.9% (26.5 M) formic acid, volume of the buffer 
4.2 ml). 
 
one hour (Fig. 5.3). If one considers enzymatic conversion to be 50%, it still takes 
less than three hours to reach the limit, according to the estimate. 
  

ssumptions:  

maldehyde and  formic acid are equal 
iv. The molar formation ratio of CHOOH:e- is 1:2  

A
i. Constant current 10 mA 

ii. 4 e- released per methanol molecule in two steps (Eqs. 4.1-4.2) 
iii. Reaction rates of for

v. Anode volume is 16 ml 
vi. Perfect conversion 

 
I = Q/t = nF/t  ⇒ n/t = I / F ;  (5.4) 
 
where F = 96485 C/mol and n the amount of substance 

 
Amount of electrons per time unit to create 10 mA current 

 
n/t(e-

 10 mA)= I / F = 1.036 × 10-7 mol/s (5.5) 
   

n/t(e-

CHOOH)= 0.5 × n/t (e-

10 mA)  (5.6) 
 

n/t(CHOOH) = 2.59 × 10-8 mol/s         (5.7) 
 
The molar production rate of formic acid, c/t(CHOOH) is given by Equation 5.8 
and plotted against time in Figure 5.3. 
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c/t(CHOOH) = 1.62 × 10-6 mol/l·s  (5.8) 
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n with a constant current of 10 mA; 

id. 

e estimation is only indicative, it does illustrate the seriousness of 
th ee elimination of the acid produced in the DMBFC. 
E ri  anolyte has 
t  e utilised buffer 
s io MBFC stack the adjustment 
was made every 5 hours. In the case of the unit cell, the interval was longer, in the 
b ca keep the pH of the solution above 8-9 and the enzyme 

nctional, solutions of different concentrations were tested for their buffering 
capacit te buffers (Table 5.1). Figure 5.4 show
fast the pH changed with the addition of formic acid. The experiment proved an 
earlier Still, because of the 
better ion conductivity of the phosphate buffer, it was used in short-term tests and 
sodium  Ca2+ ions at the 
activity centre of MDH will be removed by phosphate ions. Deactivation was not 
clearly ved er reason to utilise the borate 

 
Table 5.1. Tested buffer solutions.  
100 mM

Figure 5.3. Rough estimate of acid productio
perfect conversion (broken line) and 50% conversion (solid line). The dashed 
horizontal line illustrates the reported inhibition level of formic ac
 
Even though th

e n d for pH control or the 
xpe ments have repeatedly proven that during test runs the pH of the

o be adjusted on a regular basis. The interval depends on th
olut n and the current produced by the cell. In the D

est ses once a day. To 
fu

y: sodium borate and phospha s how 

 observation, the sodium borate was clearly the best one. 

 borate in the long-term ones. There is a possibility that the

 obser  in practice, but this is a furth buffer 
in long-term runs.  

 sodium borate Na2BB  NaOH 4O7·10H2O -
100 mM phosphate K2HPO4 - NaOH 
200 mM phosphate K2HPO4 - NaOH 
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Figure 5.4. Buffering capacity of three buffer solutions tested with the addition of 
3.98 M formic acid: ■ 100 mM phosphate, ▲200 mM phosphate, and ♦ 100 mM 

N s an unsolved 
hallenge. Even the strongest buffer is quickly used up with small anolyte volumes. 

 in order to ensure a good electron transfer rate. Because in an 
nzymatic fuel cell the pH of the environment is very important for efficient 

e ferent pH levels on TMPD was tested (Fig. 
 th MDH the absorbance was rather 

at at h  the reduced colourless form of TMPD 
 is mor the oxidised forms become dominant at a 

 is somewhat contradictory to the conditions dictated by MDH. 

sodium borate (volume of the buffer 30 ml). 
  

evertheless, a viable method for the elimination of the acid remain
c
So, buffering is not a feasible solution for the problem posed by acid production in 
the long term. All the test runs were made with low enzyme concentrations; to 
increase current output a higher enzyme concentration is needed but at the same 
time the production of acid will increase and the buffer capacity will become well 
below what is needed. The solution to this problem most probably requires the 
application of active filter materials, which make possible the controlled diffusion 
of an alkali to the anode chamber or acid flow from it. 
 
 
 
5.3 Charge transfer to the anode 
 
Charge transfer to the anode is affected by the activity and stability of the mediator 
and the conductivity of the catalyst layer. The properties of TMPD as a mediator 
were explained in Section 3.2.5. As Figure 5.5 shows, the TMPD concentration 
should be 5-10 mM
e
nzymatic reaction, the effect of dif

5.6). The tests showed at in the pH range of 
low, suggesting th igher pH values
(i.e., the R radical) e dominant and 
lower pH. This
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Figure 5.5. Correlation of TMPD concentration and current output.  
 
The oligomerisation of the mediator TMPD was discussed earlier. The role of the 
mediator is central to the performance of the biofuel cell. As explained, the 
oligomerisation decreases the rate of electron transfer by reducing the number of 
a
t
i . r
colour chan

ctive transport molecules and is an irreversible reaction. Additionally, it is known
hat TMPD – and mediators in general – are more stable in organic solvents than 
n aqueous solutions such as a phosphate buffer  This was verified by expe iment; a 

ge from clear to light brown was observed after a few weeks in the 

 

TMPD-phosphate buffer solution kept at an ambient temperature. Figure 5.7 
illustrates the spontaneous absorbance change.  
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Figure 5.6. Effect of pH change in 0.5-mM TMPD-phosphate buffer solution.  
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The absorbance of the solution increased in the first hours of the experiment as 
TMPD was oxidised, changing the solution to deeper blue as a result of the 
increasing concentration of S+ and T++ cations. Gradually, the absorbance started to 
decrease as the colour turned to light brown. According to the literature, the 
second colour change observed implies the dimerisation or oligomerisation of the 
radical T++ (Michaelis et al., 1939; Frank et al., 1988). Consequently, the effect of 
fuel cell conditions was simulated by continuous charge-discharge cycles (discharge 
for 90 min, charge -400 mV for 90 min in phosphate buffer pH 9). The rate of 
oligomerisation was observed to be accelerated if compared to spontaneous 
reaction. One possible explanation of the observed phenomenon is that under a 
heavy current output the concentration of oxidised TMPD, and thus the number of 
less stable forms of the mediator, increases remarkably. This would explain the 
increasing rate of oligomerisation.  
 
Figure 5.8 illustrates the decrease in absorbance with time of the measured TMPD 
solution during repeated charge-discharge cycles. After every charge-discharge 
cycle the ability of the TMPD solution to take up electrons was less than in the
p ly 10 days in 
ormal conditions (Fig. 5.7), but decreased to less than 5 days in simulated fuel 

 
revious cycle.  The half-life of TMPD was defined as approximate

n
cell conditions (Fig. 5.8). 
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Figure 5.7. Development of the absorbance of TMPD (0.5 mM) in phosphate 
buffer pH 9 with time (λ = 563 nm). The half-life t½ ≈10 days. (Zhang, Ranta and 
Halme, 2006) 
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Figure 5.8. Effect of charging and discharging on the absorbance of TMPD during 
the 4-day experiment (λ = 563 nm, 5 mM TMPD – phosphate buffer pH 9). The 
half-life t½ ≈ 4 days. (Note: the vertical line symbolises missing data from the 
second and third day.) (Zhang, Ranta and Halme, 2006) 
 
A positive effect of certain salts and oxides on the lifetime of the mediator has been 
reported (Peihong et al., 1995). These chemicals are presumed to function as 
catalysts or by modifying the surface charge. In the DMBFC study three metal 
oxides and a ferrocyanide salt were tested in the fuel cell set-up with different 
loading profiles (Table 5.2). The stabilisers were mixed into the anode paste, which 
also contained the enzyme and mediator. The amount used was approximately 
0.2% w/w. Each stabiliser expressed a clear positive effect compared with the 
reference anode, the best being titanium dioxide. Moreover, visual observation 
confirmed that the colour of the anode solution during the process did not change 
to brown, as previously. The colour switched between dark blue and colourless with 
titanium oxide and aluminum oxide; with ferric oxide and the salt it was between 
deep orange and colourless. Thus, one can conclude that the salts that were tested 
stabilised the TMPD and slowed the rate of dimerisation or oligomerisation. 
 
Table 5.2. Effect of stabilising agents on the performance of the DMBFC (Zhang, 
Ranta and Halme, 2006). 

1 h-100 Ω load 18 h-100 Ω load 18 h-2000 Ω load Loading 
profile 

Additives I 
(mA/cm2) 

P 
(μW/cm2) 

I 

(mA/cm2) 

P 

(μW/cm2) 

I 

(μA/cm2) 

P 

(μW/cm2) 

Reference  0.02 0.67 0.009 0.13 3.14 0.32 

TiO2 0.028 1.27 0.013 0.26 4.99 0.79 

Al2O3 0.025 0.98 0.012 0.23 4.59 0.675 

Fe2O3 0.027 1.2 0.011 0.19 4.76 0.73 

K3Fe(CN)6 0.027 1.18 0.013 0.26 4.68 0.7 
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In a previous study of microbial fuel cells, a method to monitor the state of the 
biological process by means of the colorimetric measurement of the colour changes 
of HNQ was reported (Halme et al., 1998).  The DMBFC system had the same 
property: limitations in electron transfer between the anode and the enzyme, as 
well as the deactivation of the mediator, can be visually monitored. For example, 
when the coloured form (i.e., oxidised form) appears under heavy loading, it 
implies that the enzymatic reaction is not fast enough and consequently the 
oxidised form of the mediator starts to accumulate. 
 
 
 
5.4 Material issues 
 
The mechanical structure and, at the same time, the current collector of both 
electrodes was graphite foil in the unit cell (Fig. 3.3). Stainless steel plates were 
u
s
t
m
b  such as conducting tape. 

he brittleness of graphite was especially inconvenient in the DMBFC stack. 

5
 

en d  was found to limit the performance of the DMBFC. 
thode potential dropped at low current values (less than 1 mA), and the 

ten l was poor as well (Fig. 5.9a). In the long run one explanation is 
H o l  s o v at  

cathode material was designed for alkaline conditions. However,
the en ca did no ate e enough potential difference 

e production of current. The potential d
 around 1 . 

 
introduction of the closed cathode increased the cell potential remarkably. An 

improvement was expected because potassium permanganate is a strong oxidant. 
riments  tha  limita s transferred from the cathode to the 

anode with a closed cathode biofuel cell. As Figure 5.9b illustrates, at 14 mA the 
ati o lon fficien

tilised as the anode and graphite foil as the cathode electrode materials in the 
tack (Fig. 3.5). Graphite foil is an inert material with a high conductance that 
olerated the reaction conditions well. The downside of the use of this foil is its low 
echanical durability. Thin foil is preferred in thin structures, but it is also easily 

roken. Electrical connections required support material
T
 
The BDH membrane is a standard cation exchange membrane that has been used in 
a demonstration biofuel cell set-up by NCBE (UK). The BDH membrane worked 
better in the DMBFC than a Nafion membrane, which was in use in the early phase 
of the DMBFC study. Nafion had to be discarded because the mediator was 
absorbed by it. The BDH membrane was not able to prevent the migration of the 
small mediator molecules, but the crossover did not cause short-circuiting. Instead, 
it slowly reduced the performance by lowering the concentration of the mediator. 
The BDH membrane is also quite thick in this context (wet thickness 118-120 µm). 
So it was not an optimal material, but functional for the early phase of the 
development process. Material issues need to be readdressed on an ongoing basis. 
 
 
 

.5 Reduction of the oxidant 

The oxyg
The ca
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the low p

tia
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Figure 5.9. The polarisation curves of the oxygen diffusion cathode (a.) and the 

assium permanganate (b.). 

he experimental results implied that of the two possible reactions of potassium 

he downside of the utilisation of potassium permanganate is that the pH of the 

the membrane. Nevertheless, a pH change 

closed cathode with pot
 
T
permanganate depicted in Section 4.2.6, the second one, with higher potential, 
dominates. This conclusion was drawn from of the formation of a mud-like 
precipitate (MnO2). Because all of the oxidant is stored in the fuel cell structure, it 
has to be renewed every once in a while. This is the penalty for better performance. 
In the biofuel cell set-up being presented, 80% of 16 ml of 0.4 M potassium 
permanganate solution will be used in about 80 hours at a constant current of 5 
mA. Thus, the catholyte has to be changed every three days. 
 
T
catholyte should be kept very low, around 2, to get the highest potential value (Eqs. 
4.9-4.10). Because the anode is at a high pH there will be a great pH gradient 
between the two electrodes. In principle this is good, because it helps to increase 
the overall potential of the cell. In practice the large pH difference can create a 
small proton flow to the anode through 

-200
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of a highly alkaline and acidic chamber separated with the BDH membrane was not 

 
 
 

 

performance was: OCV 1.2-1.4 V, maximum steady current for the first two days 
25-30 mA (0.43-0.52 mA/cm2), long-term steady current 12-18 mA (0.21-
0.31 mA/cm2), maximum steady power 18-22 mW (0.31-0.38 mW/cm2), and long-
term power 9-13 mW (0.16-0.22 mW/cm2). 
 
The circulation of the anodic and cathodic reaction solutions was arranged with a 
manual pump. The pump was not able to create sufficient liquid flow through the 
chambers. Air bubbles were the biggest reason in the case of the anode chambers. 
At the cathode the precipitate that formed clogged the connecting pipes and the 
surface of the current collector. In addition, the rubber diaphragm of the pump did 
not tolerate the oxidant permanganate. After some repairs, the circulation of the 
cathodic electrolyte was performed with a peristaltic pump. There was gas 
production in the cathode, which created extra pressure and pushed the catholyte 
out. 
 

l problems. The plastic utilised could not 
stand the corrosiveness of the oxidant. Fracture lines were formed, especially in the 
t
leakages between the an chemical short circuit.  

zyme experienced pH 
ock and may have been denatured. When the stack was dismantled there was 

observed in a test. As described above, maintaining the pH of the anolyte in the 
appropriate range for the enzyme is already difficult because of the acid produced 
in the enzymatic reaction. Another impractical property is the corrosiveness of 
permanganate. It puts a strain on the component materials and the sealing of the 
device. Furthermore, permanganate is toxic to aquatic life. Thus the utilisation of 
permanganate in a consumer device is not recommendable, even though it is useful 
in laboratory testing. 

5.6 Stack tests 

The stack-structured DMBFC (see Section 3.2.3) was designed to generate around 
100 mW (1.7 mW/cm2) at 0.5-0.7V using the enzymatic oxidation of methanol 
and a closed cathode. The enzyme load was 24 units, which in an ideal case would 
correspond to approximately 75 mW (1.3 mW/cm2) at 0.5 V. The expected 

The strong oxidant also created materia

hinner parts. The declining OCV depicted in Figure 5.10 below implies internal 
ode and cathode, causing a 

 
The anodic reaction solution contained MDH (24 units per batch), mediator, and 
buffer. The solution was deoxygenated before insertion into the fuel cell, which was 
performed with the peristaltic pump, trying to avoid gas bubbles and contact with 
the air. Acid production was clearly observed in the stack test. In three hours the 
pH of the anolyte had decreased to pH 6. Adjustment of the pH was difficult 
because of the small volume and because the enzyme was not immobilised. 
Therefore no anolyte could be removed before adding alkali. Consequently, strong 
alkali had to be added and most probably some of the en
sh
light-greyish precipitate inside the anode. This was either the precipitate from 
inactivated mediator which turns light brown when oligomerised, coagulated 
enzyme, or a mixture of the two. Clogs in anodic pipes were also observed.  
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The OCV of the DMBFC unit cell was regularly 1.2-1.4 V. Figure 5.10 shows the 
OCV of the individual cells of the stack of one experiment. Only two of them are 
close to that of a DMBFC unit cell. The OCVs of the unit cells ranged from 1.2-
1.35 V to 0.7-0.8 V from one experiment to another. The only difference is that in 
the stack the enzyme was in solution and not fixed in the anode current collector, 
as in the unit cell. In the case shown above, the OCV of the unit cells #4 and #8 
was especially low at the beginning. The circulation of cathode electrolyte had a 
positive effect for a moment. Nevertheless, a short circuit is clearly observable; the 
OCV drops by 200-500 mV in less than 24 hours. The likely cause is leakage 
etween the anode and cathode chambers. In Figure 5.11 the results of a fairly 
ood test are shown.  

b
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Figure 5.10. Behaviour of open circuit voltage of the stack; individual cells are 
shown separately. The cathode solution was circulated at the time points 195 min 
and 360 min. 
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b. 
Figure 5.11. a. Voltage and power of the stack as function of resistance; b. 
dependence of current density of the voltage. 
 
Figure 5.12 illustrates the condition of individual components after the experiment. 
The mud-like precipitate produced at the cathode is quite clearly seen in Figure 
5.12c, which shows the cathode tank (and also the cathodic end of the stack). As 
well as in Figure 5.12d the cathodic current collector is covered with the 
precipitate. On the anodic current collector (Figure 5.12e), precipitate is also 
observed; its origin is most probably oligomerised TMPD, which has brownish 
colour. 
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 e
Figure 5.12. Photos of a dismantled DMBFC stack of 8 unit cells: a. Cathode side 
of the membrane, with the cathode curre
membrane (brownish sides seen in the photo)
anode current collector on the right and the membrane on the left; c. The cathode 
tank (i.e., the first cathode chamber), the protruding beam (in the centre) is the 
forcing pipe of the membrane pump. Note the mud-like precipitate covering the 
surfaces; d. Spacer and membrane support from the cathode side; e. The anode 
current collector from the side in contact with the anolyte. Part of the membrane 
can be seen in the top left-hand corner. 
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5.7 Overall assessment of DMBFC performance 
 
The parameters affecting the performance of the DMBFC are the activity of the 
enzyme and its concentration, the stability of the mediator, and a large enough 
potential difference between the anode and cathode.  
 
Figure 5.13 below illustrates the development of enzymatic fuel cell studies 
utilising methanol and MDH since the very beginning. The results were achieved 
with the unit cell structure.  The improvement is mostly due to fixing the enzyme on 
a carrier material and a more efficient cathode. In the first year, 2000, the enzyme 
was free in solution and an oxygen diffusion cathode was applied.  
 
In 2001-2002 the enzyme was fixed; several methods were experimented with  

lly, the gr phite p ste proved to be best solution for MDH. Fixing the enzyme 
together with mediator is likely to enhance electron transfer as a result of the 
smaller distance between the active molecules and the electrode compared to 
electron transfer by diffusion. Additionally, the longer operating time of the system 
(7-14 days versus 2-3 days) indicated improved enzyme lifetime.  
 
In 2003 the closed cathode was implemented in order to eliminate the observed 
limitation of the reaction at the cathode. The OCV value was increased from the 
early 0.4 V to 1.4 V. The best performance values obtained were 10 mW 
(625 µW/cm2) at a 100 Ω load for 4-5 hours with 2 units of MDH (Table 5.3). 
The rate of fuel utilisation was observed to be approximately 50%. During the 
research a low enzyme concentration was utilised on purpose. An improvement of 

sity requires a higher enzyme load at the anode.  

Figure 5.14 shows the biofuel cells developed in the research. The first test cell was 
utilized in the microbial fuel cell study and measured 9.5 cm × 5 cm × 13 cm 
(width × depth × height). The second generation of test cells (not shown) was 
thinner with depth of 3 cm. After a few development steps the DMBFC unit cell 
measured 6 cm × 4 cm × 5 cm. 
 
The internal resistance RIN contains the activation resistance RA and the ohmic 
resistance RΩ. The activation resistance is a product of the chemistry in the cell, 
the kinetics of the reaction and the electron transfer. In a biofuel cell activation 
resistance forms an important part of the total internal resistance. Ohmic 

materials. The internal resistance was a 
le of hundred ohms in 2000. At that time the enzyme and the mediator were in 

i
i
2
 
T
p
o
protons have to move towards higher concentration. Nevertheless, a backflow of 
rotons from the cathode to the anode was not observed. 

.
Fina  a a

current den
 

resistance is related to the conductivity of 
coup
solution. In 2001 the internal resistance was reduced to approximately 100 Ω and 
n 2002 to around 50 Ω. Fixing the enzyme into the paste resulted in a lower 
nternal resistance value. The introduction of a closed cathode reduced it further to 
0 Ω or less.  

he pH gradient between the anode and the cathode is significant (pH 10 versus 
H 2). The potential difference of the electrodes is large enough to ensure the 
peration. However, the gradient is one factor affecting the internal resistance; the 

p
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Figure 5.13. Progress of the DMBFC performance during the years 2000-2003; 
S.T. = short-term. Data obtained at optimal power output condition, c(MDH) = 2 
U. (black = open circuit voltage (mV), dotted = current density (µA/cm2), grey = 
power density (µW/cm2)). 
 
 

    
 a.     b. 
Figure 5.14. Biocatalyst fuel cells developed at the Automation Technology 
Laboratory: a. The first enzymatic fuel cell at top right (9.5 cm × 5 cm × 13 cm), 
the small one at down right was modified from a biofuel cell purchased from NCBE 

y; b. (UK), the other two were product of the preceding microbial fuel cell stud
DMBFC unit cell (6 cm × 4 cm × 5 cm). 
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Table 5.3. Characteristics of the developed DMBFC with an oxygen diffusion 
cathode and closed cathode. Power output is the average power during the 
experiment period. c(MDH) = 2 U. 
 Parameter O2 diffusion cathode 

(2002) 
Closed cathode 
(2003/03, long-term)

Closed cathode 
(short-term) 

OCV 500 mV 1400 mV 1400 mV 
Short circuit 
current 

20 mA 50 mA - 

Power 0.5 mW @ ~100 Ω  
(36 µW/cm2) 

4 mW @ ~100 Ω 
(285 µW/cm2) 

10 mW @ ~100 
Ω 
(625 µW/cm2) 

Current 2 mA (140 µA/cm2) 6 mA (430 µA/cm2) 12 mA (780 
µA/cm2) 

Capacity 700 mAh 2000 mAh - 
Internal 
resistance 

< 50 Ω  < 20 Ω  < 20 Ω 

Operating time 2 weeks 2 weeks 4-5 h 
 
Stable pH is essential both at the anode and at the cathode, but it is especially 
important at the anode because of the formic acid produced in the enzymatic 
reaction. The enzyme activity is lost if the pH drops too low. The production of 
formic acid poses a significant technological challenge for the development of the
D
a
c
the buffer solutions is not adequate.  

he formic acid has to be eliminated with a more efficient method. Novel materials 
such as active membranes may provide a solution to the problem of acid 
production, for example a controlled diffusion of alkali to the anode chamber. 
Another method is to utilise a second enzyme, such as formate dehydrogenase 
(FDH), to oxidise the formic acid to CO2 and water. This was in fact tested but the 
optimum conditions of these two enzymes are too far apart. The optimal pH of 
FDH is 7. However, the combination of two enzymes is a viable solution if the 
optimal conditions are close to each other, as is the case with alcohol 
dehydrogenase (ADH) and aldehyde dehydrogenase (AldDH), for example (Akers 
et al., 2005). This combination oxidises ethanol to acetic acid through acetic 
aldehyde. 
 
In principle, TMPD is a good mediator for this case; it has potential close to that 

ween redox states is practical. 
O
t
c
o
T the mediator by the added metal oxide; 

ilar observations have been reported in the literature (Peihong et al., 1995).  
 
In the simulated fuel cell conditions the half-life of TMPD was decreased to 4 days 
from the 10 days determined for the spontaneous reaction. Additionally, the 
mediator was observed to diffuse from the graphite paste presently utilised. A 
proper immobilisation method for TMPD would improve the performance of the 

 
MBFC – it is a fundamental limitation. The MDH enzyme has proven to be robust 
nd viable, but the pH has to be kept around pH 9. For short-term experiments one 
an use buffer solutions as described here. For a consumer product the capacity of 

 
T

of PQQ of MDH and the distinctive colour change bet
ne can see the state of the reaction at a glance if the cover material is 

ransparent. The downside is the oligomerisation, which was accelerated in fuel cell 
onditions. The performance of the DMBFC was observed to increase with addition 
f 0.2%w/w of a metal oxide. The best results were obtained with titanium oxide. 
he likely cause is the stabilisation of 

sim
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D
s
t . The effect of MDH is clearer if one compares 

; it wa n the presence of MDH (2 mAh vs. 0.6 mAh 
at 10 kΩ).  

wer o r the DMBFC sta 100 mW (1.7 /cm2) at 0.5-
nd OCV 1.2-1.4 V. The p er output achieved was approximately 0.1  

2 and OCV  suffe ical  
leakage and clogged channels. Further study is required to develop an improved 

nd to solv latio ti d 
ly be immob crease the performance and facilitate the 
ol of the anolyte. For a practical ce the wa lso too 
e corrosiv te determined th l thickness.  

ng m  fuel cell study the biological system was observed to 
ave a self-regulating feature (Zhang, 1995; Zhang and Halme, 1997). Self-

e feedback regulation is believed to function 
 such a way that the enzyme will oxidise substrate molecules as long as there are 

l system could discard it. The cause of the positive effect is most 
robably the refreshment of the immediate surroundings of the electrode. The 

n 
thanol and as high as 5 mW/cm  in a conference forum (Akers et al., 2005; Akers, 

MBFC. TMPD can also act as a capacitor. A unit cell loaded with 5 mM TMPD 
olution generated 5 µW/cm2, whereas an identical cell generated 7.5 µW/cm2 in 
he presence of MDH (0.5 units/cell)

the capacity s 3.3 times greater i

 
The target po
0.7 V a

utput fo ck was mW
ow

0.7-1.2V. The stack
7

problems such asmW/cm red from mechan

design a
preferab

e the internal circu
ilised in order to in

n of fluids. In addi on, MDH w

 were a

oul

pH contr power sour lls
thick. Th
 

e catholy e materia

In the precedi icrobial
h
regulation means that the fuel was not consumed if current was not drawn from the 
fuel cell. This self-regulation is based on microbes being self-supporting organisms 
which continue metabolic processes in any event. The existence of a similar 
characteristic in the DMBFC has not been verified. Nevertheless, there is a strong 
supposition that the enzymatic reaction would have some sort of feedback 
regulation. The question is whether the enzymatic reaction will go on as long as 
there is substrate (fuel) available or whether the reaction will halt due to reaching 
some kind of an equilibrium state. Th
in
free mediators ready to capture the electrons from the active centre. When every 
mediator molecule has become oxidised, the enzyme cannot release the electrons 
from the active site and the enzymatic reaction is halted until some of the 
mediators are reduced at the electrode. This hypothesis remains to be verified in 
future study. 
 
The novel protocol of loading each unit cell of the fuel cell system reported in 
Kielosto (2005) was shown to have a statistically positive effect on the 
performance of the DMBFC. The principle is to periodically load individual cells 
connected in parallel. Each cell will have a rest period and if one of the cells fails, 
the contro
p
repeated cycles of switching the load on and off are assumed to cause the 
movement of charged particles near the electrode. Further study with higher 
enzyme loads is necessary in order to verify the overall benefit. The periodical 
loading principle is believed to be also applicable to regular fuel cell technology. 
 
The sophisticated method of immobilisation mentioned is probably the main reason 
for the higher performance values of the Akermin group. They have reported in a 
scientific journal 1.6-2 mW/cm2 for an ADH-AldDH⎪O2 biofuel cell running o

2e
2005). In both cases the enzyme was immobilised in modified Nafion. The first 
system was a U-shaped reactor with anodic and cathodic volumes of 50 ml and had 
a standard platinum electrode as its cathode. The second system was claimed to 
have bilirubin oxidase as a cathodic catalyst but no specific details of the system 
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were disclosed. If one compares the lower figures to those reported here, the 
difference is 6-7 times greater as regards long-term performance and 2-3 times 
greater as regards short-term performance. Besides the immobilisation method, the 
Akermin group has the advantage of a bigger electrode volume, 50 ml versus the 
15-20 ml of the DMBFC. This is an essential factor, as greater volume means a 

rger buffering capacity. On the other hand, according to their publication the la
system was clearly a laboratory test device. As for the DMBFC, the system design 
has been taken one generation closer to a practical power source.  
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Chapter 6  
 
SUMMARY  
  
A novel type of biofuel cell was developed in the study. The concept of a direct 
methanol biofuel cell, or DMBFC, consists of an early prototype of a power source 
for low-power electronic appliances. The operating principle is the enzymatic 
oxidation of methanol with methanol dehydrogenase in the anode chamber and 
mediated electron transfer by TMPD. Two kinds of cathodes were utilised: a semi-
commercial oxygen diffusion cathode and a potassium permanganate cathode, i.e., 
a closed cathode. 
  
The best performance was achieved with the DMBFC unit cell equipped with a 
closed cathode. The basic characteristics were also determined using a unit cell. 
The OCV achieved with a closed cathode was 1.4 V. Maximum power output was 
625 µW/cm2 for 4-5 hours; longer-term performance was 285 µW/cm2; the 
internal resistance was below 20 Ω. The power density of the DMBFC improved 
19-fold during the 3-year study (285 µW/cm2 in 2003 versus 15 µW/cm2 in 2000). 
Additionally, the development of the composition of the cells reduced the internal 
resistance from 200-300 Ω to approximately 20 Ω. The stability of the mediator 
was improved by adding a metal oxide to the anodic paste. The most important 
issue for future research is to solve the problem of the neutralisation of the acid 
produced in the anode. The utilisation of a buffer is a practical solution for short-
term laboratory runs, but for the longer term another method has to be invented. 
The results of the development were applied to design a stack-structured biofuel 
cell.   
 
Important characteristics of biofuel cells, besides power and current density, 
include open circuit voltage and internal resistance. The open circuit voltage in a 
biofuel cell based on mediated electron transfer is the potential difference between 
the mediator and the cathode. Equally important is the internal resistance, which is 
the sum of the activation and ohmic resistance. It is typical of fuel cells to have a 
gap between the open circuit potential and the operational potential; the drop is 
caused by the reaction slowness and material resistance. The voltage drop is larger 
in biofuel cells because of slower reaction kinetics.  
 
Fixing the enzyme and the mediator and introducing an effective cathode lowered 
the internal resistance substantially; in this case study, the reduction was 
approximately 90% of the value at the beginning of the study. In this case the 
enzyme and mediator were fixed using a simple but functional method. A more 
sophisticated method of immobilising the enzyme and mediator, such as enzyme 
wiring or enclosing the enzyme inside a conductive polymer or polymer web, would 
enhance electron transfer.  The latter method would also protect the enzyme from 
environmental stress. If an appropriate contact between the enzyme and electron 
conducting material is created, the mediator may become unnecessary. Thus one 
step in the electron transfer would be eliminated, as would issues of mediator 
stability. The application of conducting polymer would make possible simple 
electrode structures in which the catalyst layer is of the same material as the 
current collector on the electrode surface. Additionally, incorporation of the 
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biocatalyst into a p
a biofuel cell with a

olymer-based electrode or membrane would enable the design of 
 MEA, which is familiar from metal catalyst fuel cells. 

 to the catho  of the DMBFC, the utilisation of a strong oxidant such as 
anate is a good solution for laboratory testing, but not practical 

r a consumer device. The corrosiveness of the oxidant requires perfect sealing 

he cause is most 

level monitoring. It is more challenging to replace batteries with biofuel 

etabolic pathways inside cells 

 
As de
potassium permang
fo
and it wears out the structural materials. In this case the used oxygen diffusion 
cathode used performed poorly, but in principle it also has advantages: the oxidant 
would never run out. The closed cathode concept includes the necessity of changing 
the oxidant. A practical solution for a biofuel cell with a closed cathode requires 
the combined refreshment of the anodic fuel and the oxidant.  
 
The novel protocol of loading each unit cell of a fuel cell system was shown to have 
a statistically positive effect on the performance of the DMBFC. T
probably the refreshment of the immediate surroundings of the electrode. The 
periodical loading principle is believed to be applicable to regular fuel cell 
technology. 
 
At the moment the commercialisation of mobile fuel cells seems to be more 
realistic than it was a couple of years ago. The legislation and regulations 
considering the transport of fuel cartridges and fuel cells will take effect in 2007. 
In addition, cooperation between the foremost fuel cell developers and electronics 
manufacturers has increased. Yet there is the consumer attitude to overcome, at 
least in the western world, and the infrastructure of the supply chain of fuel 
cartridges to create. However, the market pull created by the power eaters, such as 
intelligent mobile phones, is strong and works in favour of the fuel cell technology. 
If one compares metal catalyst fuel cells and biofuel cells, the performance gap is 
evident. Nevertheless, niche applications for biofuel cells do exist, such as blood 
sugar 
cells. Still, it is reasonable to expect that advances in biotechnology and material 
science will create solutions to improve the power and current density of biofuel 
cells, thus widening the application area from the niche markets already described. 
 
Themes of future research in respect of the DMBFC include improvement of pH 
control, further reduction of the internal resistance, verification of the benefit of 
the periodical loading protocol, and optimisation of the mechanical structure of the 
stack. As to research in the field of the biofuel cells in general, the credibility gap 
would be eliminated if a closer imitation of the m
could be created. One conceptual approach in this direction utilising possibilities 
offered by micromechanical engineering was found in the literature (Kjeang et al., 
2006). 
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