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1. Introduction  

1.1 Motivation - Why an enzymatic biofuel cell? 

As portable and wearable electronics become more and more common in our everyday lives, there is a clear 
need for flexible and sustainable power sources. Electronics are planned to be integrated into e.g. household 
devices, clothing and even the human body, and they need to be almost indistinguishable, meaning in prac-
tice as thin, flexible and disposable as possible. 

Although current battery chemistries (e.g. Zn/MnO2, Zn/air and Li-ion) are being converted from their solid 
form to printed flexible platforms (see e.g. [1]–[5]), they still face many challenges. First of all, the use of 
metals as active materials introduces issues of disposability, toxicity and availability. In addition, the need 
for a specific electrolyte between the anode and cathode layers affects the manufacturing process as well 
as the shelf-life. Applying and sealing of a moist electrolyte between the anode and cathode is a demanding 
manufacturing step. If the electrolyte leaks out from the cell during storage, the cells soon become dry and 
lose their functionality. Hence, there is a need for alternative, environmentally friendly battery configurations. 

For the reasons outlined above, a new type of printed battery was developed in this thesis. This battery 
uses enzymes as catalysts and converts the chemical energy of biofuel into electrical energy. The fuel at 
the anode is sugar and that at the cathode is oxygen from air. The use of enzymes as catalysts confers 
many advantages over metal catalysts: 1) they are renewable, 2) they operate in mild conditions, 3) they 
have no toxicity issues, and 4) they can selectively oxidise different renewable fuels (e.g. sugars and alco-
hols). 

Research on enzymes as biocatalysts in biofuel cells (BFC) began in the early 1960s, and the first enzy-
matic BFC (EBFC) was produced in 1964 [6]. EBFCs were first studied by NASA in order to find ways to 
recycle human waste into usable energy in space crafts. However, due to poor performance and stability the 
research was not active until 1980s, when researchers started to study methanol oxidation by enzymes. In 
1998 Palmore et al. [7] demonstrated complete oxidation of methanol to CO2 by enzymatic cascade. Since 
then, the group led by Shelley Minteer has developed immobilised enzyme cascade electrodes for full oxi-
disation of methanol, ethanol, glycerol, lactate and sugar to carbon dioxide in an EBFC [8]–[12]. Through 
electrical wiring of enzymes, Adam Heller’s group demonstrated a miniaturised glucose/air EBFC operating 
in a grapefruit [13]–[15]. The group led by Evgeny Katz has demonstrated the operation of EBFCs e.g. in 
living clams and a snail as well as operation of a pacemaker powered by an implantable EBFC [16]–[18]. In 
addition, self-powered electrochemical devices utilising EBFCs have been developed, such as biosensors, 
memristors, and immunoassays [19]–[21]. Hence, the three main applications for EBFCs are implantable 
BFCs, self-powered sensors, and power supplies for small portable and wearable power devices [22]–[25]. 
The greatest challenges facing EBFC-based technology are their rather poor power generation and stability, 
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and bulky design [26]. These three aspects were studied in this thesis by developing enzymatic inks and 
assembling EBFCs using printed enzymatic electrodes. The printing process of these inks was first demon-
strated in the laboratory and then scaled up to pilot scale manufacture. 

1.2 Objective - From liquid phase biofuel cell to printed thin biobattery 

The most common type of EBFC contains a liquid chamber into which both anode and cathode electrodes 
are inserted (Figure 1a). Optimally, the anode and cathode enzymes are fully immobilised into the electrode 
structures and no separator is needed due to the high selectivity of enzymes. However, typically an ion 
exchange membrane is needed to prevent anode and cathode chemicals from mixing together. 

 

Figure 1. (a) Schematic of a conventional liquid-chamber EBFC. The electrodes consist of graphite rods on 
which the anode and cathode enzymes are immobilised. (b) Schematic of a planar EBFC. The electrodes 
are manufactured by printing enzymatic carbon-based inks on an electrically conductive substrate. The im-
mobilised anode and cathode enzymes are represented as blue and red spheres, respectively. 

In order to make EBFCs portable and easy to integrate for thin applications, the conventional structure needs 
to be changed. By mimicking a planar fuel cell structure and producing enzymatic electrodes by a printing 
process, a layered EBFC configuration was created (Figure 1b). Although this design miniaturises the cell 
structure, as well as simplifying the manufacturing process, it still faces many challenges, mainly related to 
enzyme stability and functionality. Hence, the objective of this thesis was to develop a printable, stable and 
scalable biobattery that can be stored dry and activated on demand. The main research questions were: 

 
 How to develop enzyme-containing inks? (Publications I-V) 

 What affects the performance and stability of printed electrodes? (Publications I-VI) 

 Is it possible to demonstrate their production by printing in pilot scale? (Publications IV and V) 

1.3 Progression - From laboratory to pilot scale manufacturing 

As the main challenge when working with enzymes is their stability, they need to be protected against 
changes in temperature, pH and moisture. Immobilisation is a way to maintain the 3D structure of an enzyme 
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and thus its activity. Immobilisation can increase the molecular rigidity of an enzyme as well as create a 
protected microenvironment. There are many types of immobilisation techniques, such as covalent attach-
ment or physical adsorption to a support, entrapment in a matrix or cross-linking of an enzyme [27]–[30], 
and the best immobilisation strategy is enzyme-specific. Consequently, the first task of this work was to 
study different polymer structures for immobilising and stabilising a very sensitive anode enzyme (Publica-
tion I). 

Another challenge related to BFCs is their relatively poor electrochemical performance. This can be opti-
mised by selecting the most suitable mediator molecules for shuttling electrons between the active site of 
the enzyme and the electrode surface. The use of osmium-based redox complexes as optional mediator 
molecules was investigated in printable enzyme electrodes, and fully printable BFCs were manufactured 
(Publications II and III). 

As the printing process of enzyme electrodes was demonstrated to be successful in laboratory screen-
printing, the next challenge was to scale up the printing process to a roll-to-roll (R2R) pilot scale. As there 
are many process steps in R2R manufacturing, including rotary screen-printing and drying of inks, they 
needed to be investigated (Publication IV). As a result, the printing process was scaled up from laboratory 
to pilot scale, and functional enzyme-containing electrodes were manufactured. 

Although scale-up was successfully achieved, there were still challenges concerning the anode stability. 
For this reason, the anode-ink was reformulated in order to achieve better mechanical and functional stability 
(Publication V). As the last optimisation and stabilisation approach, a glue-like biocompatible polymer was 
introduced into the anode as a supporting element (Publication VI). 

The outcome of this thesis work is a single-use, disposable and moisture-activated thin biobattery for μ-
power applications, which can be manufactured on an industrial scale. The work flow of the whole thesis 
work is illustrated in Figure 2. 

 

Figure 2. Progression of the thesis work. 
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2. The glucose/air biofuel cell 

Any BFC is a fuel cell that contains biological catalysts [31]. Typically, the biocatalysts used are microorgan-
isms or enzymes [32]. The operational principle of an EBFC [33], [34], using glucose and oxygen as fuel, is 
illustrated in Figure 3. On the anode, glucose is oxidised by an enzyme to gluconolactone, and on the cath-
ode, oxygen is reduced by another enzyme to water, as shown in Equations (1) and (2). 

 

Figure 3. Illustration of the operational principle of a glucose/air EBFC. 

 (1) 

 (2) 

2.1 Enzymes as catalysts 

Most metal catalysts catalyse a wide range of reactions, and hence they are usually not very selective. By 
contrast, enzymes are often highly selective, catalysing only very specific reactions. Enzymes lower the 
activation energy of certain biochemical reactions by providing an alternative reaction pathway. Enzymes 
take part in the reaction but they do not undergo permanent changes. In common with other catalysts, en-
zymes can only alter the rate of reaction, not the reaction equilibrium. [35] 

Some enzymes consist of a protein and a cofactor, which is a chemical compound required for the pro-
tein's biological activity. Cofactors can be either organic or inorganic. Organic cofactors may be tightly or 
even covalently bound to the enzyme (e.g. flavin); they are called prosthetic groups. Organic molecules 
which are not permanently bound to the enzyme, but are involved directly in an enzyme-catalysed reaction 
(e.g. vitamin C) and combine temporarily with the enzyme-substrate complex, are called coenzymes. It must 
be mentioned, however, that this terminology can be slightly different in different sources [36]. Inorganic 
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cofactors are usually positively charged metal ions (e.g. Fe2+, Mg2+ or Zn2+) which bind temporarily to the 
active site of the enzyme, giving an intense local positive charge to the protein. Some enzymes or enzyme 
complexes require several cofactors, and in many cases the cofactor includes both an organic and an inor-
ganic component (e.g. heme). 

Enzyme proteins are often spherical, and in order to catalyse their reactions they must maintain their 
secondary and tertiary structures [37]. The intra- and intermolecular bonds that stabilise a protein structure 
are disrupted by changes in temperature, pH and hydration, which affects the overall conformation and thus 
the catalytic activity of the enzyme. Enzyme activity can also be affected by other molecules. Inhibitors and 
activators are molecules that decrease and increase enzyme activity, respectively, by binding to the active 
site of the enzyme. 

In order to generate electricity, the selected enzymes need to be oxidoreductases due to their ability to 
catalyse electron transfer from one molecule to another. For comparison, transferases enact the transfer of 
specific functional groups from one molecule to another, and no electricity can be harvested. Many redox 
enzymes catalyse reactions at potentials that are close to the theoretical oxidation or reduction potentials of 
their substrates. This is most suitable for power sources because a high cell potential is needed for high 
power output. As an example, at pH 7 the theoretical oxidation potential of glucose is -0.42 V and the theo-
retical reduction potential of oxygen is 0.82 V, which would generate a cell potential of 1.24 V. Other char-
acteristics needed from enzymes for power source applications are high turnover of the substrate (activity), 
stability and availability. These characteristics must be taken into account when large-scale manufacturing 
of biobatteries is planned. 

2.1.1 Enzyme kinetics 

During catalysis, an enzyme substrate (ES) complex is formed by binding the substrate (S) into the active 
site of the enzyme (E), finally resulting in a reaction product (P). The stability of the ES is related to the 
affinity of the substrate for the particular enzyme, and is characterized by its dissociation constant, Ks, for 
the ES complex: 

, 
(3) 

 (4) 

where k’s are the reaction rate constants for each individual reaction. As k2 >> k-1, the term k2 is referred to 
as the catalytic rate constant or turnover number, kcat (typically in the order of 103 s-1), and Ks is called the 
Michaelis-Menten constant, Km. The overall rate of formation of P is given by the Michaelis-Menten equation: 

, (5) 

 
(6) 

where maximum reaction rate, Vmax, is achieved when all of the available enzymes are bound with the sub-
strate. 
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2.1.2 Anode enzymes for glucose oxidation 

There are two main groups of enzymes that use glucose as their principal substrate: glucose oxidases (GOx) 
and glucose dehydrogenases (GDH). The category depends on the enzyme’s ability to react with external 
electron acceptors. GOxs are defined as oxidoreductases that can utilize oxygen as the external electron 
acceptor, whereas GDHs are defined as oxidoreductases that are unable to utilize oxygen as the electron 
acceptor and instead transfer electrons to various natural and artificial electron acceptors [38].  

GOxs are generally very stable and available enzymes, which have their cofactor tightly bound in the 
protein but show low activity. GDHs on the other hand have high turnover of their substrate, but they may 
require a soluble cofactor and are typically unstable [38], [39]. Hence, from the point of view of a power 
source, the two enzyme groups have both advantageous and disadvantageous characteristics. For this rea-
son, both commercial GOx and in-house purified GDH-like enzymes were tested as anode enzymes in 
EBFC. 
 
Glucose oxidase (EC 1.1.3.4) catalyses specifically the oxidation of β-D-glucose to D-glucono-δ-lactone 
and hydrogen peroxide (H2O2), as shown in Equations (7) and (8). The reaction mechanism is based on a 
concert transfer of a proton from glucose to a basic group on the enzyme and a direct hydride transfer from 
glucose to the cofactor [40], [41]. The cofactor of GOx is flavin adenine dinucleotide (FAD), which is tightly 
bound to the protein; hence it is a prosthetic group. FAD works as the initial electron acceptor and is reduced 
to FADH2, after which it is oxidised back to FAD by the final electron acceptor, molecular oxygen, which is 
reduced to H2O2. The redox potential of free FAD is -0.22 V vs. normal hydrogen electrode (NHE) and the 
redox reaction of FAD-GOx occurs at around -0.2 V vs. NHE [42]–[45]. The reduction potential of O2 to H2O2 
is 0.29 V vs. NHE at pH 7. 

 (7) 

 (8) 

GOx is found in several species of fungi and insects (e.g. honeybee) and functions as an antibacterial sub-
stance in nature by killing bacteria with H2O2. GOx is often extracted from Aspergillus niger, a fungus which 
causes black mould on certain fruits and vegetables and is commercially available at a reasonable price. 

GOx is a homodimer with an average diameter of 8 nm and molecular mass between 150-180 kDa, typi-
cally 160 kDa. The isoelectric point (pI) of GOx is around pH 4 (see e.g. Wilson and Turner [39] and refer-
ences therein). The substrate-binding domain of GOx is characterised by a deep pocket with FAD located 
on its base [46]; hence the substrate and oxygen must transfer deep into the enzyme in order to become 
oxidised and reduced, respectively. The crystal structure of GOx is shown in Figure 4. 
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Figure 4. Crystal structure of monomeric GOx enzyme from Aspergillus niger. FAD is shown as a ball-and-
stick representation inside the protein (circled in red). Protein chains are coloured from the N-terminus 
(green) to the C-terminus (blue) using a rainbow colour gradient. Image from the RCSB PDB (www.rcsb.org) 
of PDB ID 1GAL, original data from Hecht et al. [46]. 

Quinoprotein GDH (EC 1.1.5.2) refers to at least two distinct groups of GDHs harbouring pyrroloquinoline 
quinone (PQQ) as the redox cofactor: membrane-bound PQQ-GDH (mGDH) and water-soluble PQQ-GDH 
(sGDH). mGDHs have been reported from a variety of Gram-negative bacteria, and their substrate specific-
ity, stability, and other features are strain-specific [38]. The physiological role of mGDH, coupled with the 
respiratory chain via ubiquinone, is the terminal oxidation of glucose. 

Aldose dehydrogenase (ALDH) from Gram-negative Gluconobacter oxydans is a membrane-bound pro-
tein which can oxidise aldose sugars, e.g. glucose and xylose [47]. Like mGDH, ALDH has a prosthetic 
group PQQ which is the initial electron acceptor in the oxidising reaction of glucose, and ubiquinone is the 
natural electron acceptor as shown in Equations (9) and (10). The electrochemistry of both free PQQ and 
PQQ-GDHs is still poorly understood, but it is known that the reduction of PQQ takes place in two one-
electron steps forming a semi-quinone between the fully oxidised and reduced forms. The reaction mecha-
nism is assumed to proceed by base-catalysed hydride transfer, as in the case of GOx [48]–[50]. Because 
PQQ is very sensitive to pH and temperature, possessing at least five pKas [51], the redox potentials for 
PQQ-GDHs are widely spread between ca. 0.005 and 0.105 V, being typically 0.09 V [52]–[55]. The redox 
potential of ubiquinone is 0.045 V vs. NHE at pH 7. 

 (9) 

 (10) 

The main advantage of using quinoproteins in power source applications is their typical insensitivity to oxy-
gen and hence no H2O2 is formed in the reaction. However, O2 has been reported to act as an electron 
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acceptor for mGDHs in basic medium, which is probably due to unique properties of the active site of mGDH. 
At neutral pH and in the presence of a suitable artificial electron acceptor, O2 is not consumed [56]. 

mGDHs are partly homologous to other PQQ-dependent enzymes (except sGDH), notably to amino acid 
residues surrounding PQQ. Hence, the structure of ALDH can be expected to follow the common tertiary 
structure of PQQ-dependent enzymes [48], [49], [57]. Like other mGDHs, ALDH has a molecular mass of 
87 kDa and is a monomeric enzyme [47]. The pI of mGDH from Gluconobacter suboxydans is 7.8 [58], and 
it is probably the same enzyme as ALDH [47]. Hence ALDH is a more basic enzyme than GOx. 

2.1.3 Cathode enzymes for oxygen reduction 

In a glucose/air EBFC, the reduction of dissolved or atmospheric O2 to water at the cathode occurs via four 
proton – four electron transfer (oxygen reduction reaction, ORR). The achievement of a low-overpotential 
ORR at pH close to neutral is one of the most difficult electrocatalytic reactions in the field of small substrate 
activation. Whereas most metal catalysts require high overpotentials, multi-copper oxidases, such as lac-
cases and bilirubin oxidases (BOD), have demonstrated low-overpotential ORR at close to neutral pH and 
for this reason the study of enzymatic cathodes has focused mainly on laccases and BODs (see e.g. [59]–
[63]). In this thesis, laccases were selected as the cathode enzyme due to VTT’s in-house expertise in their 
production and characterisation. 

 
Laccases (EC 1.10.3.2) belong to a group of polyphenol oxidases containing four copper atoms in the cat-
alytic centre (Figure 5a). Laccases catalyse ORR to water, accompanied by the oxidation of a substrate, 
typically p-diphenol or other phenolic compounds, as shown in Equations (11) and (12). As oxygen is usually 
present in their environment, laccases do not need the addition or synthesis of a low molecular weight co-
factor. 

 (11) 

 (12) 

Laccases have two separate copper sites: a mononuclear site (T1 copper ion) and a trinuclear site that is a 
cluster of T2, T3, and T3´ copper ions (Figure 5). Reducing substrates are oxidized close to the mononuclear 
site due to its high redox potential of ca. 790 mV vs. NHE, although the potential of the T1 Cu sites varies 
between laccases. Electrons are then transferred through a Cys-His pathway into the trinuclear site where 
O2 is reduced to water at around 400 mV vs. NHE. Although the copper-binding site arrangement into do-
mains varies remarkably between different laccases, the geometries of the copper sites are very similar [64]. 
Typically, the molecular weight of fungal laccases is 60-70 kDa and their pI is ca. 4.0 [65]. 
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Figure 5. (a) Crystal structure of recombinant laccase from Melanocarpus albomyces (rMaL). Protein chains 
are coloured from the N-terminus (green) to the C-terminus (blue) using a rainbow colour gradient. The Cu-
atoms are represented as black spheres, where T1 is closest to the outer layer of the protein and the T2/T3 
trinuclear site is located inside the enzyme (circled in red). Image from the RCSB PDB (www.rcsb.org) of 
PDB ID 2IH8, original data from Hakulinen et al. [66]. (b) Copper sites as observed in MaL and the electron 
pathway. (Reprinted from [64] with permission.) 

Laccases are typically found in plants and fungi (see e.g. [67], [68]). Their natural occurrence is related to 
e.g. degradation of biopolymers, detoxification and lignin polymerization (see e.g. [65], [69]). Most laccases 
are extracellular enzymes, which makes their purification procedures relatively easy. In addition, laccases 
generally exhibit a considerable level of stability in the extracellular environment, probably due to their high 
extent of glycosylation [70]. Nowadays laccases are widely used in different applications, e.g. in bio-bleach-
ing, biological pulping, wine stabilisation, waste detoxification and decontamination (see e.g. [65], [67], [71] 
and references therein). 

Three different laccases were used in this thesis. Two of them were produced in-house from Trametes 
hirsuta (ThL) and Melanocarpus albomyces (MaL, produced as a recombinant enzyme in the fungus Tricho-
derma reesei). ThL is considered to be a high potential laccase (E0 = 700-800 mV), whereas MaL is a low 
potential laccase (E0 ≤ 500 mV). The two enzymes also have different pH optima: pH 3-5 for ThL and pH 4-
7 for MaL depending on the substrate [59], [72]. One industrial laccase, Ecostone LCL 45 from AB Enzymes 
(EcoL), was used in the pilot manufacturing trials (Publications IV-VI). 

2.2 Electron transfer from enzyme to the electrode 

2.2.1 Direct electron transfer 

In direct electron transfer (DET) the enzyme and current collector are in direct contact, and electrons pass 
from the electrode to the reducing redox centre of the enzyme. DET allows the use of the full thermodynamic 
potential of the enzyme, without the overpotential of electron transfer from the enzyme to a mediator. In bio-
systems, electron transfer rates within and between species, as well as between electrodes and species in 
their proximity, decay exponentially with the distance between the involved centres. Kinetics measurements 

(b) (a) 
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have shown that electrons can tunnel about 25 Å through proteins in biologically relevant time scales [73], 
although the electron transfer rates drop by a factor of ~104 when the distance between an electron donor 
and an acceptor is increased from 8 to 17 Å [74]. 

PQQ-dependent, heme-containing and FAD-dependent enzymes can undergo DET. For example, DET 
of PQQ-dependent alcohol dehydrogenase and FAD-dependent GOx has been characterized and their an-
odic operation demonstrated in BFCs. However, reduced GOx does not directly transfer electrons to con-
ventional electrodes (e.g. Au or glassy carbon), because the distance between its redox centres and the 
electrode surface exceeds the distance across which electrons are transferred at sufficient rates [75]. In 
addition, ALDH has been shown to perform DET but with very poor efficiency [76], probably due to the fact 
that it does not contain a heme group. 

DET of laccase is possible if the enzyme is favourably oriented at the surface of the electrode. If laccase 
is successfully immobilized to the electrode, oxygen reduction bioelectrocatalysis can be achieved at the 
redox potential of the T1 copper active site, and hence oxygen can be reduced at low overpotentials, espe-
cially with high-potential laccases [63], [77], [78]. As an example, VTT’s ThL has been shown to achieve 
DET on glassy carbon electrode by immobilizing laccase into a well-designed dual-layer architecture of PE-
DOT1 [79]. The ORR was achieved at 0.75 V vs. NHE at pH 4.5, which is close to the redox potential of the 
T1 Cu of ThL (0.78 V vs. NHE [59]). 

2.2.2 Mediated electron transfer 

In mediated electron transfer (MET), a redox-active molecule with reversible electron transfer properties is 
used to act as an electron shuttle between the electrode surface and the enzyme active site. The redox 
potential of the mediator must be close to the redox potential of the active site, but also ensure sufficient 
driving force for optimizing bioelectrocatalytic activity. A study by Gallaway and Calabrese Barton showed 
that the bimolecular rate constants for the mediator-laccase reaction are highly dependent on mediator po-
tential [80]. If the potential difference between the laccase T1 Cu site and mediator (∆Eet) exceeded 300 mV, 
no dependence of ∆Eet on the bimolecular rate constant was observed. For laccase of T. versicolor (formal 
potential, E0’ = 0.82 V), the optimum mediator potential was determined to be 0.66 V vs. NHE. Babanova et 
al. [52] studied quinone-modified surfaces with PQQ-GDH and indicated the optimal potential difference 
between the enzyme and mediator to be 148 ± 25 mV. 

MET generally offers a higher current density than DET, if the mediator-enzyme system has been opti-
mized. However, MET introduces an additional level of complexity, and electrode performance becomes a 
matter of mediator stability, as well its effect on the enzyme stability. 

MET is compatible with almost all naturally occurring oxidoreductase enzymes and co-enzymes. In the 
case of glucose oxidation, mediator in its oxidised form is reduced by the anodic enzyme (GOx or ALDH). 
Next, the mediator transfers to the electrode surface and becomes oxidised again by releasing electrons 
(Equation (13)). In the case of ORR by laccase, mediator in its reduced form oxidizes by releasing electrons 
to the enzyme and transfers to the electrode surface to become reduced again (Equation (14)). 

 (13) 

 (14) 

                                                           
1 poly(3,4-ethylenedioxythiophene) 
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2.3 Potential losses in EBFC 

Although the theoretical potential of a glucose/air BFC is 1.24 V, this is rarely achieved in practice. This is 
due to overpotentials present in the cell. The most significant losses are the activation and reaction overpo-
tentials due to slow electron transfer at the solid electrode surface and slow chemical reactions. Typically, 
enzyme co-factors have relatively high activation overpotentials, and for this reason glucose is oxidised at 
approximately 200 mV higher potentials than its theoretical potential. In the case of GOx and ALDH, the 
oxidation potentials of glucose are approximately at -0.2 and 0.1 V vs. NHE, respectively. In the case of 
laccases, activation overpotentials are significantly lower, because laccases do not have co-factors. As me-
diators are used to shuttle electrons between electrode surface and enzyme, the activation overpotential is 
even higher, and thus the cell potential lower. The cell potential generation is illustrated in Figure 6. 

 

Figure 6. Principle of cell potential generation in an EBFC. The maximum oxidation potentials for glucose 
and the corresponding thermodynamic potential for ORR (pH 7) are indicated vs. Ag/AgCl reference elec-
trode. Redox potentials of several enzymes and their corresponding co-factors are shown. (Reprinted from 
[22] with permission from The Electrochemical Society. Copyright 2007, The Electrochemical Society.) 

Other losses in the electrode potential come from the ohmic resistance of the cell and the concentration 
overpotential. The former is attributed to cell design. It includes electrical conductivity of electrodes and 
current collectors, as well as proton conductivity between and through the electrolyte and the membrane. 
Concentration overpotential takes place at high current densities, when the transport of fuel and mediator 
into and out the enzymes, as well as the transport of a mediator from the enzyme to the electrode surface 
and back is too slow to maintain the reaction rate needed. 
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2.4 Mass transport in EBFC 

Sufficient mass transport in an electrochemical cell is the key for high current densities. Efficient biocatalysis 
requires that both substrates and products freely diffuse inside and outside the immobilisation support. En-
zyme immobilisation into polymers typically increases mass transfer limitations decreasing the reaction rate. 
Poor mass transfer can also aggravate product inhibition or induce undesirable pH gradients [30] leading to 
loss in enzymatic activity. High resistance for the mass transfer tends to build a concentration difference 
between the bulk phase and the sites of reaction, thus slowing down the reactions and leading to polarization 
of the electrodes. In the case of a mediated system, the mediator mass transport can have even higher 
impact on the reaction rate than enzyme kinetics [81]. 

In order to maximise power density, 3D electrodes have been developed. However, 3D electrodes are 
only valuable if they provide efficient mass transport. The presence of sufficient mass transport enables one 
to balance the overall effective surface area against porosity. This ensures that the maximum number of 
catalytic sites are available without suffering the blockage of fuel transport, which will be the case if the pore 
size is too small [33]. The electrodes should consist of multi-dimensional and multi-directional pores [34]. 
Multi-dimensionality provides both small pores to support enzyme stabilisation and high loading densities, 
and larger ones to support mass transport of liquid phase species. Multi-directionality provides higher surface 
area and permeability to liquid phase fuel transport, but it will eventually decrease structural strength if too 
extensive. It must be emphasised that the transport of the liquid phase species through a pore structure is 
only the first step; once the substrate has diffused to the enzyme surface, it must also cross an additional 
boundary layer that can also retard the mass transfer. 

In the absence of assisted fluid flow, the mass transfer involves diffusion and migration [82]. Diffusion is 
the movement of ions and molecules due to concentration gradients whereas migration is the movement of 
charged species under the influence of a potential or electric field. Species subject to transport mechanisms 
in a mediated EBFC are fuels and reaction products; mediators both in oxidised and reduced forms; and 
buffer-electrolyte. Hence, multiple mass transfer processes both can be identified in a printed EBFC as 
illustrated in Figure 7. 

 

Figure 7. Schematic of different mass transport processes in a printed EBFC anode on a) enzyme level and 
b) electrode level. Enzymes (green), carbon support (grey, wires) and polymer (white) form the base of the 
electrode as they are immobilised. 
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3. Experimental methods 

The first enzymatic anodes in this thesis were manufactured on carbon paper by drop-casting (Publication I). 
Printed enzymatic electrodes were manufactured by formulating inks and printing them on cellulose-based 
substrates (Publications II-V). Three different printing methods were used: rod-coating, laboratory scale 
screen printing and pilot scale rotary screen printing. The morphology of the printed electrodes was studied 
and their enzymatic activity was measured using various analytical techniques suitable for BFCs [83]. Most 
of the measurements conducted in this thesis were electrochemical measurements, including voltammetry, 
potentiometry, amperometry and coulometry. 

Drop-casted bioanodes were characterized separately in a liquid phase cell (Publication I). Printed EBFCs 
were assembled using three different configurations. In the first configuration, printed electrodes were sand-
wiched between planar graphite current collectors (Publications II-V). In the second configuration, an inert 
reference electrode was inserted between the anode and cathode inside the separator in order to measure 
the anode and cathode potentials individually (Publications II-IV). In the third configuration, rotary screen 
printed electrodes were manufactured on PET-coated cardboard. Commercial carbon ink, used as a current 
collector, was printed first on the PET side of the cardboard and enzymatic inks were printed on top of that. 
The EBFCs were assembled by sandwiching the electrodes on top of each other, separated by membrane, 
and compressed between planar end-plates. (Publications IV-V). 

3.1 Manufacturing methods 

3.1.1 Immobilisation and stabilisation of enzymes 

When enzymes are purified and removed from their natural environment, they may need to be immobilised 
and stabilised into structures that can mimic their optimal surroundings. Different immobilisation techniques 
utilizing polymers have been very successful for this purpose, including physical entrapment and covalent 
binding [30], [84]. In Publication I, two different modified polymers were used to encapsulate ALDH. Both 
polymers are micellar, but their chemical microenvironments are very different [85]. The first polymer was 
Nafion-based and the second chitosan-based. In Publications II and III, commercial carbon-based ink with 
a low concentration of volatile organic compounds was used to prepare enzymatic inks. This ink was en-
hanced with multi-walled carbon nanotubes (MWCNT) in order to increase its electron transfer properties 
(see Appendix A for more details). In Publications IV-V, in-house produced graphite-based inks were pre-
pared and tested using different concentrations of polymers. Polymers tested were polyethylene oxide 
(PEO), carboxymethyl cellulose (CMC) and medium molecular weight chitosan. 

3.1.2 Preparation of enzymatic inks 

Catalytic inks are principally made of solvents, binders, conductive components and active components. In 
this thesis water, water-soluble polymers, carbon, and enzymes and mediators were used, respectively. 
Rheology and surface chemistry of the ink are fundamental material characteristics that describe ink flow 
and wetting of the substrate [86]. The rheological behaviour of screen-printable ink should preferably be 
thixotropic: the ink is thick when resting and becomes thinner when squeezed and pressed through the 
screen [87]. The adhesion and surface chemistry can be studied via the strength of attraction between the 
substrate material and the ink - the higher the substrate’s surface free energy relative to the ink’s surface 
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tension, the greater is the attraction. As an example, the typical surface free energy of polymers is ca. 30-
40 mN cm-1 and the surface tension of water is 72 mN cm-1, rendering water-based inks unsuitable for print-
ing on untreated polymers [88]. 

Rheology and the surface tension of an ink can be tailored by using different polymers and solvents. Due 
to the use of enzymes, water was selected as the main solvent of the inks. For this reason, water-soluble 
polymers had to be used as binders. 

In addition to ink characteristics, drying is also a crucial step in R2R manufacturing. Hence, drying of 
enzymatic inks was studied at different temperatures. Enzymatic activity of the dried electrodes was meas-
ured immediately after drying and after 14 and 28 days of storage at room temperature and in a fridge 
(Publication IV). 

Typically, a base ink containing graphite powder and binder polymer (dissolved in water) was prepared. 
Enzymatic inks were mixed by adding enzyme and mediator into the base ink. Buffer solution was used to 
adjust the thickness of the ink. Different concentrations of enzyme and mediator were also studied (Publica-
tions IV and V). 

3.1.3 Printing process of enzymatic electrodes 

The aim of this thesis work was to investigate how production of printable enzymatic electrodes can be 
scaled up from laboratory scale to R2R pilot production. First trials were conducted in the laboratory using 
rod-coating and a laboratory scale screen printer. The rod-coating technique was used in Publications II and 
III. Both a laboratory scale screen printer and a pilot scale rotary screen printer were used in Publications IV 
and V. 

Rod-coating was performed using a K Hand Coater (RK Print Coat Instruments Ltd.) with a rod-producing 
wet layer of 40 μm (Figure 8a). Filter paper (Whatman 1, 180 μm thick) was typically used as the printing 
substrate. Printed layers were left to dry at room temperature overnight. The electrodes were cut from the 
substrates for cell assembly (typically 4 cm2 or 12.25 cm2). 

Laboratory scale screen printing was carried out with a semi-automatic Kent SP-400 screen printer (Figure 
8b). The printing screen mesh was NMC EX 31-100 (producing a 70 μm thick wet ink layer), and typically 
the printing substrate was an insulator paper (Terkab Ilam Delfort Group, 33 μm thick). Enzymatic inks were 
screen-printed onto an A4-size substrate and dried at room temperature overnight. Each electrode was typ-
ically 12.25 cm2 and the electrodes were cut from the A4-sheet before assembly. 



 

27 

 

Figure 8. (a) Rod-coating system and (b) Kent SP-400 screen printer used in this thesis work. 

Pilot scale rotary screen printing was performed with VTT’s modular ROKO printing machine with a printing 
speed of 2 m min-1 (Figure 9a). Gallus BY Mesh 64 (thickness 200 μm, producing a 100 μm thick wet ink 
layer) printing screens were used for all the inks. A roll of PE-coated cardboard was used as the printing 
substrate (Figure 9b). Printed layers were dried on the printing line with three 0.9 m long hot air blasting 
dryers (81 s total drying time).  Current collectors (12.25 cm2) were printed first using a commercial carbon-
based ink and dried at 145 °C. Enzymatic electrodes (9 cm2) were printed on current collectors in a separate 
printing run. The anode ink was dried at 72 °C and the cathode ink at 65 °C. Layouts of the printing screens 
can be found in Supplementary Material 1 in Publication IV. 

(a) (b) 
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Figure 9. (a) Schematic of VTT’s ROKO R2R pilot line and (b) a roll of printed enzymatic electrodes. (Publi-
cation IV) 

3.2 Morphology of electrodes 

Morphology of the electrodes was studied using scanning electron microscopy (SEM) for electrode structure 
(Publication I), a Dektak stylus profilometer for thickness and a Wyko white light interferometer for roughness 
(Publications IV and V). Visual determination by means of photography was also used to study adhesion of 
the printed layer (Publication VI). 

3.3 Enzyme activity measurements of printed electrodes 

Detection of enzymatic activity of printed electrodes was based on measuring the consumption of dissolved 
oxygen in the enzymatic reactions, Equations (8) and (14). Dissolved oxygen was measured using a fibre-
optic oxygen meter (OXY-10 PreSens). The principle of the meter is based on the quenching of lumines-
cence caused by collision between molecular oxygen and luminescent dye molecules in the excited state 
[89]. Values for oxygen consumption rate obtained for different electrodes were used for relative comparison, 
not to determine their absolute quantitative activity. (Publication IV) 

3.4 Cell assemblies 

3.4.1 Liquid cell 

Liquid cell (L-cell) configuration is a modification of the traditional diffusion cell design illustrated in Figure 
1a.  L-cell (Figure 10) reduces the distance between the cathode and the anode. A platinum gas diffusion 
electrode is hot-pressed to a Nafion® 112 membrane and clamped between two glass tubes. Thus, the 

(a) (b) 
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cathode is in direct contact with air, which eliminates limitations of lack of oxygen. The upper glass tube 
contains the bioanode and the fuel solution forming a half enzymatic BFC. This cell assembly was used in 
Publication I, in which immobilised ALDH anodes were characterized. 

 

Figure 10. Schematic of the L-cell design used for half enzymatic BFCs with air-breathing platinum cathodes. 
(Reprinted from [26] with permission.) 

3.4.2 Stand-alone cell 

Stand-alone cell configuration (Figure 2 in Publication III) was used to characterize EBFCs that were assem-
bled using printed electrodes, both at the anode and cathode. The electrodes (typically 12.25 cm2) were 
printed on a cellulose-based substrate and sandwiched between graphite end-plates. The printed sides of 
the electrodes were facing graphite, and no additional membrane was needed between the electrodes. Glu-
cose (50 mg) was spread on the anode before moisturising the cell. The anode end-plate contained holes 
through which cells were moisturized by pipetting 400 μl of electrolyte into the cells. 

3.4.3 Pd/H2 reference electrode cell 

Individual electrode potentials of the anode and cathode half cells were measured using a thin reference 
electrode inside the separator-membrane. A palladium-hydrogen (Pd/H2) electrode was chosen due to its 
inert characteristics especially in acidic electrolyte. Palladium is known to be an excellent hydrogen absorber, 
able to absorb 900 times its own volume of hydrogen at room temperature. As solid palladium foil is electro-
chemically charged by hydrogen, these two phases form a constant potential of approximately +50 mV vs. 
NHE. This potential is independent of the amount of hydrogen absorbed over a wide range. This makes 
Pd/H2 an ideal material for a reference electrode, because in hydrogen saturated form it will not disturb the 
flow of ions in the fuel cell. This reference electrode was adapted from the study by Fleischmann and Hid-
dleston [90]. Cells were assembled by sandwiching the anode and cathode layers (typically 6.25 cm2) be-
tween graphite current collectors and placing a hybrid separator-membrane layer between the anode and 
cathode. A Pd/H2 reference electrode was placed inside the hybrid layer (Figure 1 in Publication II). The 
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(b) 

anode and cathode layers were moisturised by 200 μl of buffer-electrolyte (25 mg glucose in 50 mM Na-
succinate pH 5). 

3.4.4 Cardboard cell 

Pilot-manufactured printed enzymatic electrodes were cut from cardboard rolls as illustrated in Figure 11a. 
First, the anode was moisturised with the glucose-containing buffer electrolyte and the separator was placed 
on top of the anode. The cathode was then moisturised with the buffer-electrolyte and electrodes were sand-
wiched between flat plates to ensure even compression pressure (Publications IV and V). In Publication VI, 
superabsorbent polymers (SAP) were tested as an anode support. In this case the SAP-powder was spread 
on the anode before moisturizing it. SAP-powder absorbed the anode electrolyte and swelled before the cell 
assembly, preventing electrolyte from leaking out of the cell (Figure 11b).  

 

Figure 11. (a) Illustration of the electrode assembly of pilot scale fabricated enzymatic electrodes on card-
board substrate. (Publication IV); (b) Cross-sectional schematic of the cell assembly with SAP on the anode 
side. The numbers indicate different layers of the cell: 1) printed current collector, 2) printed cathode, 3) 
cathode electrolyte, 4) membrane, 5) anode electrolyte, 6) printed anode, 7) printed current collector, 8) 
rubber seal, and 9) printing substrate (cardboard). (Publication VI) 

  

(b)(a) 
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3.5 Electrochemical methods 

In order to understand the intermolecular electron transfer between substrates and enzymes, and intramo-
lecular electron transfer between different redox centres within one macromolecule, it is important to meas-
ure the redox potentials of enzymes, their co-factors and mediators. The thermodynamic equilibrium poten-
tial, E, of an electrode reaction is given by the Nernst equation [91]: 

 (15) 

where cO and cR are the concentrations of the oxidized and reduced species, respectively, and 

 = formal potential 
 = gas constant 
 = temperature 
 = number of electrons 
 = Faraday constant. 

 
At equilibrium, the cell potential, Ecell, is: 

 (16) 

where 

 = potential at the cathode 
 = potential at the anode. 

3.5.1 Voltammetric measurements 

Voltammetry is a very common method for characterizing enzyme-containing electrodes. In cyclic voltam-
metry (CV), the electrode potential is scanned linearly as a function of time and the resulting current is 
measured. With CV, the redox potential of the enzyme, cofactor or mediator can be determined. Voltammetry 
can also show the enzyme’s ability to catalyse fuel oxidation or oxygen reduction by either DET or MET. In 
a reversible redox system, the formal potential can be determined from the voltammogram (Figure 12) and 
Equation (17): 

 
(17) 

where 

 = potential of the oxidation peak (anodic) 
 = potential of the reduction peak (cathodic). 



 

32 

-0.2 0.0 0.2 0.4 0.6 0.8

-0.2

-0.1

0.0

0.1

0.2

ipc

Ep
a

cu
rr

en
t (

m
A

)

potential vs. Ag/AgCl (sat. KCl) (V)

Ep
c

ipa

 

Figure 12. Cyclic voltammogram at 25 mV s-1 of an Au-electrode (r = 2.5 mm) in 1 M KCl with 7.5 mM 
Fe(CN)63-/Fe(CN)64-. The anodic and cathodic peak potentials are indicated as well as the peak currents. 
The counter electrode was Pt-wire and the reference electrode Ag/AgCl (sat. KCl). (Unpublished) 

When scanning the potential at different scan rates, the Randles-Ševčik equation can be used, which at 25 
°C reduces to [91]: 

 (18) 

where 

 = peak current [A] 
 = area of the electrode [cm2] 
 = diffusion coefficient [cm2 s-1] 
 = concentration of the analyte [mol cm-3] 
 = scan rate [V s-1]. 

 
In practice this means that for a reversible process the peak currents of the redox reactions are linearly 
dependent on the square root of the scan rate. This theory can be used to study electron transport properties 
and the active area of different electrode materials (see Appendix A for more details). 

3.5.2 Potentiometric measurements 

Potentiometry measures the potential between a working electrode and a reference or counter electrode. In 
the case of enzymatic electrodes, it is an advantage that the enzymes are typically highly selective for a 
certain analyte, which makes this measurement technique very informative. The potential measured can be 
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related to the concentration of the analyte of interest. For this reason, potentiometry is one of the most 
common and simplest evaluation tools to measure the electrochemical potential of a cell at open circuit 
(OCV). However, this provides information about the thermodynamics but not the kinetics of the cell. 

One variant of potentiometry is chronopotentiometry (CP), in which a constant current is applied to the 
working electrode and the potential of the cell is measured as a function of time. This technique was used 
to study the operating life of the biobattery (Publications IV-VI). A polarisation curve (iV-curve) can be meas-
ured as the current is increased from OCV to a cut-off potential (Ecut-off) in steady-state steps. The CP tech-
nique was used in Publications II-IV. 

3.5.3 Amperometric measurements 

Amperometry is a measurement of electric current as a function of time or electrode potential. In chronoam-
perometry (CA), a constant potential is applied to the cell and the current output of the cell is measured as 
a function of time. CA measures transient current response under a specific potential until the cell reaches 
a steady state. Bio-anodes are typically characterised by measuring their calibration curve by CA (Publica-
tion I). The potential of the bioanode is maintained constant, ensuring continuous oxidation reaction, and 
substrate is added to the electrolyte in suitable steps. The current is measured versus substrate concentra-
tion, c, and deriving Equation (19) from Equation (6) it is possible to determine maximum biocatalytic current, 
Imax, and Michaelis-Menten constant, Km. 

 (19) 

The iV-curve can be measured as the potential is reduced from OCV to a Ecut-off in steady-state potential 
steps. This technique was used in Publications IV-VI. 

3.5.4 Coulometric measurements 

In coulometry, constant current or potential is applied to the cell in order to convert the analyte from one 
oxidation state to another. In this thesis, a constant resistor was used to discharge the biobatteries. Since 
the total charge is measured, this technique can determine the coulombic efficiency and the energy density 
of a battery. Electrical charge density (Q) and electrical energy density (E) were calculated from the meas-
urement data according to Equations (20) and (21). This technique was used in Publications I-VI. 

 (20) 

 
(21) 

 



 

34 

4. Research contribution 

This chapter presents the measurement results and their contribution to the research topics defined in Chap-
ter 1.2. Main results both from published and unpublished research are presented as well as conclusions for 
the following research. A short discussion on each topic is also presented. 

4.1 Immobilized ALDH Bioanodes (Publication I) 

In Publication I, ALDH was immobilized on carbon paper using two different polymers. The first polymer 
tested was tetrabutylammonium bromide (TBAB)-modified Nafion and the second was butanal-modified chi-
tosan. Both polymers are micellar and can be used to immobilise and stabilise different enzymes on carbon 
electrodes. ALDH anodes were characterized both in three-electrode and L-cell configuration using TMPD 
as mediator. 

 

Figure 13. SEM images of (a) TBAB-modified Nafion/ALDH and (b) butanal-modified chitosan/ALDH on 
Toray paper, 100x magnification. (Publication I) 

SEM images (Figure 13) of the electrodes showed that the polymer spread differently on the carbon support: 
chitosan forms an even layer, whereas Nafion dries forming polymer blocks. The micellar structure of hydro-
phobically modified chitosan is also larger and less ordered than that of Nafion. These physical properties 
of enzyme layers were also observed in electrochemical measurements, storage stability and leaching of 
enzyme. For example, the maximum current density of butanal-modified chitosan bioanodes was fourfold 
that of TBAB-modified Nafion (Figure 14a), but the storage stability was significantly better with the latter 
polymer (Figure 14b). The Michaelis-Menten constant (Km) was the same with both polymers, as was oper-
ational stability. Characteristics of the ALDH anodes are presented in Table 1. 
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Figure 14. (a) Cyclic voltammogram and (b) calibration curve of immobilized ALDH enzyme on carbon paper. 
(Publication I) 

Table 1. Characteristics of bioanodes and a half enzymatic BFC made of immobilised ALDH. 

 Butanal chitosan TBAB Nafion 

Km 2.6 ± 0.6 mM 2.9 ± 0.6 mM 

Imax
a 493 ± 44 μA cm-2 121 ± 4 μA cm-2 

Imax
b 220 ± 31 μA cm-2 112 ± 35 μA cm-2 

Pmax
b 15 ± 1 μW cm-2 10 ± 4 μW cm-2 

E24h
b 102 ± 8 μWh cm-2 75 ± 14 μWh cm-2 

Leachingmax 28% 4% 

StabilityRT,30d 0% app. 60% 

Stability4C,30d app. 25% app. 70% 
a From calibration curve, three electrode setup 
b From L-cell setup, Pt cathode and Nafion 112 membrane 

 
This study showed that ALDH enzyme could be used as an anode enzyme in a fuel cell setup. For this 
reason, the next study concentrated on testing ALDH in a fully enzymatic fuel cell setup. For mass-manu-
facturing of enzymatic electrodes, the choice of suitable immobilising polymer had to be considered in terms 
of performance, price and suitability for screen printing. Due to the biocompatibility and availability of chi-
tosan, it appeared to be a better choice for large scale manufacturing. The only drawback of chitosan was 
its leaching, because ALDH was stored in buffer, but this was not seen as a problem in the future as the 
biobatteries were planned to be stored as dry. 

4.2 Printed mediated ALDH/ThL EBFCs (Publications II and III) 

In Publications II and III, fully printed EBFCs were developed using a rod-coating printing technique. The 
cells were characterized both in stand-alone and Pd/H2 reference electrode cell configurations. The former 
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was used to measure energy density by coulometry and the latter to measure power-curves with CP. The 
enzyme on the anode was ALDH or GOx and on the cathode ThL or rMaL. Different osmium-based com-
pounds were tested as redox mediators in addition to conventional mediators, i.e. TMPD for anode and 
ABTS for cathode (Table 2). Overall, the results showed that the best EBFC performance was achieved by 
using ALDH and ThL as the anode and cathode enzymes, respectively. 

Table 2. Redox potential and OCV of individual electrodes using different enzyme-mediator couples. OCV 
values were measured in a Pd/H2 cell. They were not published in Publications II and III. 

Enzyme Mediator Redox potential 
(mV vs. Ag/AgCl) 

OCVelectrode 

(mV vs. NHE) 

ThL ABTS 500, pH 4.5 810 ± 50, pH 5 

ThL [Os(dcbpy)2(4-
AMP)Cl]PF6 

445, pH 4.5 670 ± 50, pH 5 

rMaL ABTS 500, pH 7 700, pH 6.5 

ALDH TMPD 70, pH 7 260 ± 60, pH 5 

ALDH Os(bpy)2Cl2 0, pH 7 180 ± 20, pH 5 

GOx TMPD 70, pH 7 400, pH 5 

GOx Os(bpy)2Cl2 0, pH 7 400, pH 5 

 
Unpublished Pd/H2 cell measurements (Figure 15 and Figure 16) showed that although solution phase stud-
ies indicated a redox potential of 700 mV vs. NHE for the ThL/ABTS couple, the OCV of ThL/ABTS cathode 
was 810 mV in the case of a full EBFC. This potential is higher than would have been expected. Additionally, 
GOx electrodes showed higher OCV than expected, which can be attributed to the fact that at pH 7 and pH 
5 the reduction of O2 to H2O2 occurs at 0.29 V and 0.4 V vs. NHE, respectively. Thus decreasing the anode 
pH increases the potential in the case of GOx. Other enzyme-mediator couples showed predictable OCV 
potentials (Table 2). The same behaviour was also seen in the OCV of EBFCs (Table 3): the highest OCV 
was 620 mV, although solution phase studies predicted only 500 mV. 

The reason for higher ThL/ABTS potential in a fuel cell setup should be discussed. Laccase-mediator 
systems (LMS) have previously been shown to oxidise aromatic alcohols and hydrocarbons even though 
the oxidation potential was higher than the redox potential of the LMS [92]–[94]. ABTS undergoes two one-
electron redox reactions at ca. 680 and 1090 mV vs. NHE at pH 4-5 [92], [93], [95], which correspond to the 
oxidation/reduction of ABTS/ABTS·+ and ABTS·+/ABTS2+, respectively. The stabilities of these redox states 
are dependent on solution composition, pH and electrode material. Although high potential laccases have 
their T1 Cu site redox potential at ca. 790 mV vs. NHE, which is almost 300 mV lower than the oxidation 
reaction of ABTS·+/ABTS2+, the oxidation reaction is possible at a very slow rate. By using the Nernst equa-
tion (15), and redox potentials of ABTS·+/ABTS2+ and ThL T1 Cu, it is possible to calculate the equilibrium 
constant . This reaction is thermodynamically unfavourable but possible if the reac-
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tion is driven forward by a follow-up process that irreversibly removes one of the products from the equilib-
rium of the first reaction [92], [93]. As an example, results reported by Bourbonnais et al. [92] showed that 
bulk electrolysis of ABTS and veratryl alcohol (Ep,a = 1175 mV) at 585 mV (vs. Ag/AgCl) resulted in the 
formation of verataldehyde, thus showing that ABTS can be oxidised to ABTS2+ at significantly lower poten-
tial than expected. In addition, Dong et al. [96] reported that addition of graphene into a laccase-ABTS sys-
tem increased the removal of labetalol, which was attributed to the formation and release of ABTS2+.  

Hence, this data suggests that in the case of ThL/ABTS couple incorporated into MWCNT-modified car-
bon ink, both redox reactions of ABTS can take place. This is possible because ThL is a high potential 
laccase with a redox potential of the T1 Cu site ca. 780 mV at pH 6.5 and ca. 840 mV at pH 5 (see Appendix 
B), which is sufficient to slowly oxidize ABTS·+ to ABTS2+. This was also visually seen as the biofuel cells 
were opened after use: both blue-green (ABTS·+) and purple (ABTS2+) colours were noticed. As both cations 
were present on the cathode side, and being separated with a semipermeable membrane from the anode, 
an unpredictable high cathode potential was created. 

Table 3. OCV, maximum power density and energy density of different cathode-anode pairs. OCV values 
were not published in Publications II and III. 

Cathode Anode OCV 
(mV) 

Pmax 
(μW cm-2) 

E as 
V > 200 mV 
(μWh cm-2) 

Duration of 
the meas-
urement 

(h) 

ThL/ABTS ALDH/ 
Os(bpy)2Cl2 

620 ± 10 3.50 11.1 ± 5.5 47 

ThL/ABTS ALDH/TMPD 560 ± 10 1.67 10.7 ± 2.8 74 

ThL/ 
[Os(dcbpy)2(4-
AMP)Cl]PF6 

ALDH/ 
Os(bpy)2Cl2 

490 ± 10 0.39 16.3 ± 2.2 123 

ThL/ 
[Os(dcbpy)2(4-
AMP)Cl]PF6 

ALDH/TMPD  430 ± 10 0.30 4.4 ± 0.1 58 

rMaL/ABTS ALDH/ 
Os(bpy)2Cl2 

520 0.50 15 98 

rMaL/ABTS ALDH/TMPD  470 0.39 9 78 

ThL/ABTS GOx/TMPD 370 0.28 0.12 2.0 

ThL/ABTS GOx/ 
Os(bpy)2Cl2 

360 0.17 0.02 0.8 

 
The maximum power density was measured using CP with addition of 0.2 μA every minute (referred to as 
fast scan). In order to obtain high power from the cell, both the potential and current density need to be 
maximized. Therefore, the cells with highest OCV can be predicted to give the best performance provided 
that the rate of electron transfer between enzyme-mediator and mediator-electrode is sufficient. Fast scan 
iV-curves (Figure 15 and Figure 16) showed that ThL worked significantly better than rMaL. ThL also per-
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formed better with ABTS than [Os(dcbpy)2(4-AMP)Cl]PF6. ALDH/TMPD was unstable at higher current den-
sities than ALDH/Os(bpy)2Cl2 and GOx electrodes were very unstable and did not perform well. The highest 
power density was achieved with ALDH/Os(bpy)2Cl2 anode and ThL/ABTS cathode.  
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Figure 15. iV-curves of EBFCs with ALDH anode using TMPD (solid) or Os(bpy)2Cl2 (dashed) as mediator. 
The cathode was ThL/ABTS (left) or ThL/[Os(dcbpy)2(4-AMP)Cl]PF6 (right). Geometrical cell area 6.25 cm2. 
Fast scan was measured using CP in 0.2 μA intervals every minute. (Unpublished) 
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Figure 16. iV-curves (left) of ALDH/rMaL EBFCs with TMPD (solid) or Os(bpy)2Cl2 (dashed) as anode me-
diators. iV-curves (right) of GOx/ThL EBFCs with TMPD (solid) or Os(bpy)2Cl2 (dashed) as anode mediators. 
The cathode mediator was ABTS in all cases. (Unpublished) 

Surprisingly, stand-alone cell measurements (referred to as slow scans) showed that the ALDH/ThL cell with 
osmium-mediators both on the anode and cathode was the most stable. The second best slow scan perfor-
mance was achieved with ALDH-anode and rMaL-cathode. Overall, this data showed that fast scan 
measures the maximum catalytic performance of different enzyme-mediator pairs, whereas slow scan indi-
cates the long-term stability of enzyme-mediator pairs. For this reason, it is important to pay attention to the 
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measurement techniques used in order to study the appropriate characteristics, in this case maximum power 
output vs. maximum energy output. 

4.3 Scale-up of manufacturing (Publication IV) 

In Publication IV, the manufacturing process of enzymatic electrodes was scaled up from laboratory to pilot 
scale. The idea was to select materials which were as commercially applicable as possible. For this reason, 
some materials were chosen based on their availability, price and safety over their performance. 

The first task was to modify in-house made inks for screen printing. Due to the use of enzymes, a water-
based buffer solution was chosen as the medium of the ink. The selection of the binder was made between 
CMC and PEO due to their water solubility and safety. Graphite was selected as the conductive component 
of the ink. Carbon nanotubes were rejected due to their difficult handling properties in large quantities and 
relatively high price. Due to its availability, price and stability, GOx was preferred as the anode enzyme rather 
than ALDH. Three different ferrocene-based redox molecules were tested as anode mediators for GOx with 
regard to their safety. TMPD was rejected due to its poor performance with GOx, as observed in Publications 
II and III. Ferrocenemethanol (FcMeOH) showed the highest catalytic current at the lowest potential (half 
wave potential around 250 mV vs. Ag/AgCl). Laccase/ABTS was chosen as the cathode enzyme-mediator 
pair due to its good functionality and stability, even though ABTS is relatively expensive. 

Performance properties of the laboratory scale screen printed electrodes were characterized with CP 
measurements (Figure 17a). It was clear that PEO functioned better as the binder in GOx/ThL cells. Both 
enzyme activity (oxygen consumption) of laccase and Pd/H2 cell measurements showed that the laccase 
cathode was inactivated when CMC was used as the binder. This was most probably due to the anionic 
nature of CMC, which acts as a resin, trapping positively charged ThL into the structure and thereby deac-
tivating the enzyme. 

 

Figure 17. iV and power curves of EBFCs manufactured using a laboratory scale screen printer (left) and a 
pilot scale rotary screen printer (right). Two different binders and separators were tested for ink preparation 
and cell assembly. (Publication IV) 
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Drying experiments (1 min at elevated temperature) with enzymatic inks showed that enzymes alone can 
withstand relatively high temperatures; even a temperature of 90 °C reduced the enzymatic activity only by 
20-30% (Figure 18). After 28 days of storage at room temperature, the residual activity was still 50-60% of 
the original. However, when the mediators were mixed into the enzymatic inks, the activity of the electrodes 
decreased dramatically during storage. After 28 days, the activity was only around 20-30% of the initial level. 
This indicates that mixing mediators with the enzymes in the ink may not be the best strategy in terms of 
stability. 

 

Figure 18. Relative enzyme activity (oxygen consumption) of GOx and EcoL electrodes dried at different 
temperatures and stored at room temperature. Drying temperatures were 23 °C (black), 50 °C (dark grey), 
70 °C (light grey) and 90 °C (white). (Publication IV) 

For pilot scale manufacturing, the ink needed to be modified in order to have good print quality in rotary 
screen printing. Therefore, the base ink contained a higher amount of graphite and a lower amount of binder 
solution. The base ink was diluted in situ with buffer during the printing trial. The amounts of mediators were 
also decreased due to their limited availability for large ink batches. First the mediator amount was 40% of 
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that used in laboratory inks, and in order to compensate for this reduction, a higher amount (2.5-fold) of 
enzyme was added to the inks. In the pilot printing trial, the inks had to be diluted further with buffer solution 
in order to adjust the viscosity of the ink. In the end, the composition of the pilot printing inks was drastically 
different from that of the inks prepared for the laboratory screen printer (Table 4). The amounts of enzyme 
and mediator per electrode were approximately 190% and 30%, respectively, of those in the laboratory inks. 
This difference was reflected in the electrochemical performance of the EBFCs assembled using pilot-man-
ufactured electrodes (Figure 17b). The maximum performance (Pmax and Imax) of pilot-manufactured cells 
was approximately 70% lower than those of the laboratory manufactured cells; the energy output was as 
much as 90% lower. This can be attributed to the lower amount of mediator as well as to the degradation of 
enzyme-mediator electrodes due to heating (ca. 70 °C) and storage (ca. one week). 

Table 4. Composition of inks used in laboratory screen printing and pilot scale rotary screen printing, and 
electrochemical performance of EBFCs assembled using these enzymatic electrodes. 

 
Laboratory scale 
manufacturing 

(GOx/ThL) 

Pilot scale 
manufacturing 
(GOx/EcoL) 

Graphite amount in wet ink 
(wt.%) 37 46 

Binder amount in the ink 
(wt.% g-1

graphite) 
7 3.6 

Enzyme amount in the ink 
(nkat g-1

graphite) 
1000 1544 

Mediator amount in the ink 
(μmol nkat-1) 

0.06 0.01 

OCV (mV) 380 ± 8 345 ± 5 

Pmax (μW cm-2) 1.4 ± 0.1 0.4 ± 0.03 

Imax (μA cm-2) 8.35 ± 0.04 2.78 ± 0.04 

E as V > 200 mV 
(μWh cm-2) 

5.5 ± 0.2 0.6 ± 0.1 

 

4.4 Increasing the performance of the GOx/FcMeOH anode (Publication V) 

In Publication V, the long-term stability of the pilot-manufactured electrodes was studied. Based on the la-
boratory experiments, the anode mediator appeared to be ageing during storage. As a consequence, a new 
batch of anode ink was developed and the amount of the anode mediator was increased. In addition, in order 
to increase the physical stability of the enzymatic anode layer, the ink composition was altered by adding 
more binder (both PEO and chitosan) into the ink. Finding the optimum amount of PEO, chitosan and 
FcMeOH in the ink was not straightforward, because they all appeared to affect the cell performance. How-
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ever, after several laboratory ink experiments the final ink for manufacturing of the second pilot anode con-
tained almost twice the amount of the binder and the mediator. On the other hand, the amount of graphite 
in the wet ink was 20% lower than in the first pilot ink, which meant a lower amount of enzyme per electrode 
(Table 5). 

Table 5. Composition of the second pilot anode ink. The values in square brackets represent characteristics 
of the first pilot anode ink. 

 
2nd Pilot scale manufacturing 

(GOx/FcMeOH) 

Graphite amount in wet ink 
(wt.%) 37 [46] 

Binder amount in the ink 
(wt% g-1

graphite) 
7.1 [3.6] 

Enzyme amount in the ink 
(nkat g-1

graphite) 
1622 [1544] 

Mediator amount in the ink 
(μmol nkat-1) 

0.02 [0.01] 

OCV (mV) 341 ± 1 [345 ± 5] 

Pmax (μW cm-2) 0.59 ± 0.02 [0.4 ± 0.03] 

Imax (μA cm-2) 4.4 ± 0.1 [2.78 ± 0.04] 

E as V > 200 mV 
(μWh cm-2) 

0.88 ± 0.01 [0.6 ± 0.1] 

 
The second pilot ink enhanced the electrochemical performance of the cells significantly, even though the 
amount of enzyme per electrode was lower. The improvement was due to the increase in the mediator 
amount (1.7-fold). However, neither this increase nor adding chitosan into the ink stabilized the anodes - 
they degraded at same rate as before. On the other hand, physical rigidness did increase, seen as an in-
creased reducibility and an even ink layer. 

4.5 SAPs as anode support (Publication VI) 

In Publication VI, the operational lifetime of the pilot-manufactured enzymatic biobatteries was extended by 
adding a super-absorbent polymer (SAP) to the anode side. Addition of SAPs did not significantly increase 
the maximum power density or the current density. Improved operational stability was most probably due to 
better contact between anode-membrane-cathode interfaces, which was seen as lowering of IR drops by 
14%, and better moisture management in the cell. Images (Figure 1 in Publication VI) also showed that the 
addition of SAPs prevented delamination of the enzymatic cathode layer from the current collector layer. 
Water transport through the membrane from the anode to the cathode and moisture retention of the cells 
were also increased. As an outcome, both electric charge density and energy density were doubled when 
SAPs were added to the anode (Table 6). 
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Table 6. Cell characteristics without and with addition of SAP on the anode. Charge and energy density 
values were calculated using Ecut-off = 200 mV. 

 no SAP SAP 1 SAP 2 

OCV (mV) 347 ± 4 367 ± 4 366 ± 3 

Imax (μA cm-2) 4.4 ± 0.1 4.2 ± 0.1 4.0 ± 0.1 

Pmax 0.59 ± 0.01 0.58 ± 0.01 0.63 ± 0.01 

Q (μAh cm-2) 4.52 ± 0.05 7.1 ± 0.2 9.9 ± 0.4 

E (μWh cm-2) 1.14 ± 0.02 1.87 ± 0.01 2.63 ± 0.05 

4.6 Further improvements of enzymatic inks 

4.6.1 Increase of anode performance by increasing GOx/FcMeOH in the ink and changing the 
substrate to carbon fibre paper 

The possibility to increase the performance of EBFC by increasing the amounts of biocatalyst-components 
in the anode ink and printing them on a porous carbon fibre felt (Kevra, 20 g m-2) was studied. The base ink 
was DuPont modified with MWCNTs (as in Publications II and III). The original amount of GOx and FcMeOH 
in the ink used in samples 1-5 was 400 nkat ml-1ink and 0.125 μmol nkat-1, respectively (Table 7). A threefold 
amount of GOx and FcMeOH was used in samples 6-10. The cathode ink contained 400 nkat ml-1ink and 
0.125 μmol nkat-1 of ThL and ABTS in the ink, respectively, and it was used in all samples. 

The inks were rod-coated on the carbon felt. Electrodes (4 cm2) were cut from the substrate before as-
sembly. In cells 1-2 and 6-8 one anode print was used. In cells 3-5 and 9-10 three anode prints were used 
on top of each other. The layers were assembled between graphite current collectors and separated by a 
dialysis membrane. The cells were activated by adding 200 μl of buffer electrolyte (25 mg glucose in 50 mM 
Na-succinate pH 4.5). 

Electrochemical characterisation was performed with CP. OCV was measured for two hours (Figure 19a), 
after which constant current was applied to the cell, increasing the current by 0.1 μA every 20 min (Figure 
19b). Each measurement was terminated when the cell potential reached 200 mV. 

Table 7. Different cells. E1 represents carbon fibre electrodes containing a 1-fold amount of enzyme and 
mediator, whereas E3 represents electrodes containing a 3-fold amount of enzyme and mediator. Values 
are means ± standard deviation. (Unpublished) 

Cells Anode OCV 
(mV) 

Q 
(μAh cm-2) 

E 
(μWh cm-2) 

1-2 1 x E1 350 ± 30 5 ± 4 1 ± 1 

3-5 3 x E1 410 ± 40 29 ± 3 7 ± 1 

6-8 1 x E3 380 ± 60 21 ± 5 6 ± 1 

9-10 3 x E3 470 ± 10 60 ± 20 19 ± 9 
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Figure 19. (a) OCV of EBFCs using different amounts of FcMeOH/GOx in the ink and either one or three 
printed layers on top of each other. (b) CP measurement of the cells. The curves represent average values. 
(Unpublished) 

These preliminary results showed that the GOx-anode could be tailored by adding more catalytic compo-
nents into the inks and printing them on carbon felt, as well as by stacking electrode materials. The more 
catalytic components in the ink, the higher were the OCV (most probably due to an increased amount of 
reduced form of FcMeOH on the electrode surface), charge and energy output. This data suggested that 
multilayer printing could also be a means to increase the cell performance. 

4.6.2 Changing graphite to carbon black in enzymatic inks 

The possibility to substitute carbon black (CB, Printex XE2) for graphite in enzymatic inks was studied. Figure 
20 shows SEM images of both carbons used; CB is a very fine powder, whereas graphite is coarser. 

 

Figure 20. SEM of dry graphite (left) and carbon black (right) powders. Magnification x200. (Unpublished) 
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Inks without active components were characterised with the ferro/ferricyanide redox couple as described in 
Appendix A. Both inks contained carbon, PEO (7 wt.% g-1carbon) and buffer (Table 8). The amounts of graphite 
and CB in the inks were 39 wt.% and 8.7 wt.%, respectively. Cyclic voltammograms showed that the redox 
peaks of the graphite ink were lower compared with those of the CB ink (Figure 21). In addition, CB ink 
showed capacitive behaviour as its CV curves were rectangular shaped. This can be attributed to the differ-
ent surface areas of the carbons: ca. 10-100 m2 g-1 for synthetic graphites and 1000 m2 g-1 for Printex XE2. 
This indicates that these two carbon powders may exhibit different properties in enzymatic inks. 
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Figure 21. Voltammograms of F3Fe(CN)6/F4Fe(CN)6 on glassy carbon electrodes coated with (a) graphite 
ink and (b) CB ink. (Unpublished) 
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Figure 22. (a) Randles-Ševčik plot of different carbon-based inks on a GC electrode. The electrolyte was 1 
M KCl with 7.5 mM of F3Fe(CN)6/F4Fe(CN)6. Pt-wire was used as counter electrode and Ag/AgCl (sat. KCl) 
as reference electrode. (b) Discharge-curve (constant load of 75 kΩ) of GOx||ThL cells using two different 
carbon-based inks. The cell area was 12.25 cm2 and 50 mg of glucose in 400 μl of 50 mM Na-succinate 
buffer (pH 4.5) was used to moisturise the cells. 1x indicates one layer and 2x two layers of anode ink. 
(Unpublished) 
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The Randles-Ševčik plot also showed significantly different slopes (Figure 22a). The increase in the slopes 
of the Randles-Ševčik plot is attributed to an increased electrode area, A, in Equation (18). Slopes for the 
graphite ink and CB ink were 4.9x10-3 and 1.1x10-2, respectively. According to these experiments, the active 
area of the CB ink is 2.2 times greater than that of the graphite ink. As each electrode contained 4 μl of ink, 
there was ca. 1.56 mg of graphite and 0.348 mg of CB per electrode. Considering the surface areas of these 
carbons, a 2.2x increase is reasonable. 

When enzymatic inks were prepared from these two carbon materials, different ink compositions were 
necessary to make them printable (Table 8). The amount of GOx and FcMeOH was the same in both inks, 
but the dry amount of carbon was significantly different. This had to be taken into account when the cells 
were compared. In practice, each wet anode (12.25 cm2) print was weighed and the amount of enzyme per 
print was calculated according to the weight and ink composition. The printing was done directly on graphite 
current collectors using a printing screen (mesh NMC EX 31-100). Tests were made of both one-layer and 
two-layer printing. 

Table 8. Compositions of the anode graphite ink and the CB ink. (Unpublished) 

 graphite ink CB ink 

carbon 2.5 g (39 wt.%) 0.375 g (8.7 wt.%) 

PEO (5 wt.% in H2O) 3.5 ml 0.525 ml 

buffer (50 mM Na-succinate pH 4.5) 0.4 ml 3.4 ml 

GOx (1400 nkat) 560 nkat g-1
carbon 3730 nkat g-1

carbon 

FcMeOH (19 mg) 0.06 μmol nkat-1 0.06 μmol nkat-1 

 
The difference in the active area of the inks can be seen in the discharge curves (Figure 22b), as the CB ink 
performs significantly better than the graphite ink. In fact, the energy outputs of the cells with similar amounts 
of GOx/FcMeOH were twofold (Table 9). The OCV was also stable and high when the CB ink was used. 
This indicates that the type of carbon support, especially its active area, in enzymatic inks plays a very 
important role. Electrochemical properties of home-made carbon inks provide useful preliminary data for 
planning of the actual enzyme-containing inks. By using a high surface area carbon support it is possible to 
create a printed BFC/supercapacitor hybrid that is self-charged. 

Table 9. Characteristics of test cells. The rows emphasised in light grey denote comparable cells in terms of 
active component amount. Values are means ± standard deviation (n = 3). (Unpublished) 

Anode 
layer 

OCV at 1.5 h 
(mV) 

Weight of wet 
anode 

(g) 

Calculated enzyme 
activity per anode 

(nkat) 

E 
(μWh cm-2) 

1xgraphite 220 ± 40 * 0.15 ± 0.01 33 1.10 ± 0.04 

2xgraphite 140 ± 70 * 0.31 ± 0.06 77 1.8 ± 0.4 

1xCB 340 ± 10 0.24 ± 0.09 78 3.9 ± 0.7 

2xCB 362 ± 1 0.35 ± 0.09 114 12 ± 5 

* unstable     
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5. Discussion 

5.1 Performance 

Several factors contribute to the performance of printed biobatteries. First of all, the selection of enzyme-
mediator pairs is crucial. In the case of the cathode, high potential laccase (ThL) is preferred due to its 
capability to reduce oxygen to water close to the theoretical potential. In order to guarantee sufficient electron 
transfer into laccase, several mediators were tested, of which ABTS appeared to be the most suitable. ThL 
was able to oxidise both redox states of ABTS; the highest cathode potential was ca. 800 mV vs. NHE 
(Publications II and III). 

Selection of the anode enzyme-mediator pair was made between GOx and ALDH (Publications II and III). 
The highest performance was achieved using ALDH with an osmium-mediator. The lowest anode potential 
was ca. 200 mV vs. NHE. The second-best performance was achieved with TMPD, showing an OCV of ca. 
300 mV vs. NHE. However, due to the limited availability of ALDH, GOx was preferred as the enzyme. 
Neither osmium complexes nor TMPD performed well in printed GOx electrodes. The mediator for GOx was 
selected from the group of ferrocene derivatives, from which FcMeOH showed the best catalytic current at 
the lowest potential of ca. 450 mV vs. NHE (Publication IV). 

After the enzyme-mediator selection, the next step was to understand how the composition of enzymatic 
inks affects the cell performance. Components in the simplest inks are carbon powder, a binder, an enzyme, 
a mediator and solvent (aqueous buffer). The type of carbon powder plays an important role because the 
redox chemistry of mediators takes place on the powder surface. Therefore, the carbon support should have 
as high an active area as possible. In order to increase its active area, commercial carbon-based ink was 
modified with MWCNTs. Changing graphite powder to carbon black in the experimental inks improved the 
cell performance by doubling the 2D active area of the printed layers. 

The type of binder must also be taken into account, because some water-soluble polymers may have 
ionic characteristics that affect the catalytic performance of enzymes. Comparing PEO and CMC showed 
that the cathode enzyme was not active when CMC was used, most probably due to the anionic property of 
CMC (Publication IV), and PEO was consequently selected as the preferred binder. The amount of binder 
is also an important factor for the cell performance. Too low an amount of binder makes the printed layer 
very fragile, and good conductivity is lost as well as good adhesion to the printing substrate (Publication IV 
and VI). On the other hand, too high an amount of binder increases concentration overpotentials, and free 
movement of mediators to the enzymes can be lost (Publication I). 

Determining the optimum amounts of active components in the inks was rather complex, as it appears 
that the type and amount of carbon and the binder affect the optimum amount of enzyme and mediator. 
However, there were two findings that had good correlation. First, the amount of the mediator is one of the 
key factors in maximum performance. This is of course obvious, because the mediator carries the charge 
between the electrode and the enzyme. However, its amount cannot be arbitrarily increased. Second, the 
amount of available active enzymes as well as the active electrode area are related to the appropriate me-
diator amount. For example, with graphite, the maximum amount of FcMeOH in the ink is approximately 14 
mg g-1graphite (65 μmol g-1graphite). In order to function properly, the anode must have enough active enzyme 
available. In graphite ink with 7 wt.% of binder, an appropriate amount of GOx was ca. 1000 nkat g-1graphite. 
If the binder amount was only half of that, a twofold amount of GOx was needed. When a carbon support 
with a large active area was used, the amounts of active components could be increased, which led to an 
increase in the energy output. The maximum amounts of active components in the CB ink was not studied 
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in detail; this would be an interesting topic for further studies. The cell performance could also be increased 
by stacking anodes on top of each other or by multilayer printing. 

Integration of biobatteries with electronics can also improve their performance. For example, with a com-
bination of a stack of printed biobatteries and printed super-capacitors, 5 mA pulses (lasting 3 s) every 20 
min could be generated (see Appendix C). This could extend the range of applications from μW scale to mW 
scale. 

5.2 Stability 

The stability of printed electrodes can be discussed from three points of view: stability during manufacturing, 
during storage, and during use. The first enzymatic electrodes were manufactured using the very sensitive 
ALDH enzyme, immobilised with Nafion or chitosan-based polymers. It was found that the Nafion-based 
polymer resulted in more stable electrodes in terms of storage stability, but most of the enzymatic activity (in 
this case available enzyme) was lost due to poor spreading onto the carbon paper. The chitosan-based 
polymer resulted in a more evenly coated surface on the carbon paper and hence in better electrochemical 
performance. As a consequence, alternatives to Nafion were searched for. 

Since the enzyme electrodes are manufactured using water-based inks at room temperature, there is no 
dramatic decay in their activity. Especially if there is a long delay (> 1 h) between ink preparation and printing, 
selection of the solvent becomes important. In order to keep the inks stable, suitable binders and buffers 
should be used. As the electrodes are dried at elevated temperatures, their enzymatic activity typically de-
creases. The addition of mediators into the inks decreases the enzymatic activity further in the drying step, 
most probably due to accelerated thermal degradation as predicted by the Arrhenius equation (not shown). 

During one month of storage, printed GOx electrodes lost a maximum of 20-30% of their enzymatic activ-
ity, whereas laccase lost 40%, regardless of the drying or storage temperature. However, when mediators 
were added into the inks, elevated drying temperatures accelerated the degradation, and 70-80% of the 
enzymatic activity was lost in 28 days. Drying at 50 °C was an exception, perhaps due to PEO’s character-
istics of having a crystalline melting temperature of 65 °C and being possible to crystallise at 50 °C [97]. It 
seems that especially GOx/FcMeOH anodes dried at 50 °C benefitted from this property, losing only 20-30% 
of their enzymatic activity in 28 days, regardless of whether they were stored at room temperature or in a 
fridge. For laccase/ABTS electrodes, storing in a fridge is most beneficial, as the electrodes lost only 40% 
of their enzymatic activity. Laccase/ABTS electrodes stored at room temperature degraded faster, ca. 60-
70% of the activity being lost in 28 days. This may be due to the fact that storage conditions were neither 
air- nor moisture-free, and the reaction between laccase and ABTS could continue during storage, thus 
ageing the laccase electrodes. 

Pilot-manufactured electrodes were also characterised electrochemically. Degradation of electrodes was 
also observed in these measurements. The anodes were found to be the limiting factor for cell performance. 
Especially the anode mediator degraded, but adding fresh mediator into the activation electrolyte restored 
the anode performance. Thus, not only the stabilisation of enzymes but also that of mediators is important. 
There are at least three degradation mechanisms of FcMeOH that can be considered: 1) As the anode ink 
is prepared, FcMeOH can be protonated by succinic acid (dicarboxylic acid) used for stabilisation of en-
zymes. This reaction leads to elimination the hydroxyl group from FcMeOH forming an α-ferrocenyl carbo-
cation [98], which can further form new species or even denature GOx. 2) Ferrocene can be oxidised to 
ferrocenium cation which is unstable in the presence of dioxygen and water [99], [100]. This leads to for-
mation of insoluble species. 3) Thermal decomposition of ferrocene due to heating [101]. 
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Operational stability could be increased with suitable cell design, ensuring good electrical and ionic con-
tacts between adjacent surfaces. This was achieved by adding SAP on the anode side, preventing the leak-
age of electrolyte and delamination of the cathode. In order to have good conductivity in both in-plane and 
cross-plane directions, the adhesion of printed layers is also very important. This was achieved by tailoring 
inks with chitosan, a more hydrophobic polymer than PEO. 

It is important to study operational stability between enzyme-mediator pairs. The ALDH/TMPD pair ap-
peared to be rather unstable, although the stability of the ThL/ABTS pair was very good on ALDH anodes. 
This was most probably due to the fact that no H2O2 is formed at the anode when ALDH is used. Since GOx 
is used in aerobic conditions, H2O2 is formed which degrades the laccase cathode [102]. FcMeOH can also 
react with H2O2, forming hydroxyl radicals and hydroxide ions via Fenton’s chemistry, which again degrades 
the cells. Removing H2O2 from the anode by e.g. adding catalase could most probably stabilise the cells as 
reported in [103]. However, if dioxygen could be removed from the anode side, it would most probably sta-
bilise both the enzyme and mediator. 

5.3 Mass-manufacturing 

Printing of enzymatic inks can be accomplished in mass-manufacturing. In order to move from laboratory 
scale rod- or screen-printing to rotary screen-printing, the enzymatic inks must be tailored to obtain certain 
characteristics. First of all, the inks must be homogenous and preferably thixotropic in order to maintain good 
ink flow on the screen. The rheological parameters of the ink can be tailored with solvents and binders. For 
example, the viscosity of water is ca. 1 cP, whereas for PEO (5 wt.% in H2O) it is 8800-17600 cP and for 
medium molecular weight chitosan (1 wt.% in 1% acetic acid) 200-800 cP. 

Adhesion between the ink and the printing substrate can be tailored either by selecting a substrate with 
surface free energy higher than the ink’s surface tension (for water 72 mN m-1) or by lowering the ink’s 
surface tension. In this work, either cellulose- or carbon-based substrates were used. Surface tension of the 
ink was tailored with binders; the surface free energy of e.g. PEO is ca. 43 mN m-1. 

Drying of printed layers is a crucial step in R2R manufacturing. If the ink is still moist as the roll is wound 
after printing, the ink layer is destroyed. However, because delicate active components are used in the inks, 
over-drying them is also undesirable. Therefore, enzymatic inks need to be studied in terms of their heat 
tolerance. GOx and laccase appeared to tolerate heating very well. 

If large-scale manufacturing of full biobatteries is the aim, at least six important steps must be considered: 
1) mixing of the inks on demand; 2) printing and drying of the current collector layers on the substrate; 3) 
printing and drying of both the anode and cathode layers on the current collectors; 4) printing of an adhesive 
electrolyte-membrane hybrid on the top of the anodes and laminating the cathode side on it; 5) hot-pressing 
individual cells; and 6) cutting of individual cells. 

The material costs of large-scale manufacturing are strongly dependent on the price of carbon, enzymes, 
and mediators, whereas paper-based substrates and polymers are available at a reasonable price. For ex-
ample, the pilot-manufactured cells had an electrode area of 9 cm2 and the dry matter content of each print 
was about 8 mg cm-2. If the amount of the anode mediator is increased as suggested in the previous section, 
each electrode will contain approximately 1 mg of mediator. The enzyme amount should then be ca. 100 
nkat. Commercial FcMeOH and ABTS cost around 50-60 € g-1 and enzymes 1-3 € kU-1, meaning a total of 
0.1-0.2 € per cell. Commercial CB-based inks can cost 1 € g-1ink and typical coverage is 100 cm2 g-1ink, which 
adds 0.18 € per cell. Therefore, developing in-house made inks is important because it can lower the overall 



 

50 

costs. These costs apply naturally to small batches only; with larger amounts the costs are expected to be 
significantly lower. 

Considering environmental aspects, each individual chemical should be studied as well as their possible 
side reactions. In this thesis, some chemicals were rejected due to their toxicity, although they performed 
well. An example is MWCNTs, because handling them requires very careful safety procedures. The use of 
osmium-complexes as mediators was successful especially with ALDH, but they were rejected due to their 
possible high toxicity and poor availability.  

5.4 Comparison to other flexible EBFCs 

Over the past few years, many research groups have started developing bendable and wearable EBFCs 
(Table 10). As an example, the highest Pmax (0.12 mW cm-2 at 0.4 V) of single paper-based EBFC was 
reported with electrodes manufactured using GOx and BOD enzymes [104]. The highest power pulse (1.07 
mW cm-2 with 4 mA cm-2 discharge current) was achieved with an EBFC/supercapacitor hybrid using GDH 
and BOD enzymes [105].  EBFCs constructed using fabrics have also been reported. The highest Pmax (0.95 
mW cm-2 at 0.36 V) was achieved with a fructose dehydrogenase (FDH)/BOD cell [106]. A stack of three 
cells generated almost threefold higher power density (2.55 mW cm-2 at 1.21 V) than a single cell. Jia et al. 
[107] demonstrated the use of lactate oxidase(LOx)/Pt-black cells on fabrics for powering electronics with 
human sweat (Pmax = 0.1 mW cm-2 at 0.34 V). Multiple cells were printed on different garments for generating 
power for e.g. a LED or a digital watch during physical exercise. 

Stretchable EBFCs have been developed and characterised on skin as epidermal patches for energy 
harvesting from sweat and even for wound healing and transdermal drug delivery. As examples, Ogawa et 
al. [108] demonstrated successful iontophoretic delivery of ascorbyl glucoside (used in anti-ageing treat-
ments) through abdominal human skin using a commercial flow-through diffusion cell containing an enzyme 
cathode and anode. In another experiment, EBFC patches containing the fluorescent molecule rhodamine 
B (RB, 479 Da) were used on pigskin. When an iontophoretic current was applied (ca. 50 μA cm-2) using the 
patch for 1 h, the penetration of RB under the anode was obviously enhanced as compared to the penetration 
under the cathode. The amount of RB penetration was increased by longer treatment for 6 h, or by applying 
a higher current (ca. 80 μA cm-2) for 1 h. Tsubota et al. [109] demonstrated the use of an EBFC plaster for 
wound healing (on mouse skin), showing faster wound healing with the EBFC plaster than with a control 
plaster. 

All the EBFCs mentioned here contain high surface area carbon materials, typically MWCNTs. The high-
est OCV and Pmax were reported with mediator-less FDH/BOD EBFC fabricated on MWCNT-modified carbon 
fabric. The highest power pulse was generated with an EBFC/supercapacitor hybrid fabricated using carbon 
paper and buckypaper. The reason why the printed EBFCs presented in this thesis do not show such high 
power densities can be attributed to the lack of high surface area carbon materials and the low amounts of 
enzymes and mediators on the electrodes. For example, the EBFCs reported in this section contained tens 
or even hundreds of enzyme units per each electrode. The electrodes manufactured at VTT contain ca. 1-5 
U of enzyme per electrode. In addition, the use of mediators brings mass transport limitations as well as 
challenges with stability compared to mediator-less EBFCs. Using 1000-fold amounts of enzymes, striving 
for mediator-less systems and utilising high surface area carbon support could lead to a printed glucose/air 
biobattery/supercapacitor system that can perform steadily on the mW scale. 
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5.5 Suggestions for future research and development 

Roughly 20 years ago, Palmore and Whitesides [31] suggested that the future work on BFCs should con-
centrate on the following question: “Is the activity available in biological catalysts sufficient, and in the right 
form, to provide the basis for a practical fuel cell?” This thesis work has proven that yes, EBFCs can provide 
sufficient amount of power for practical applications. However, there is still work to be done in the future in 
order to develop these biobatteries further: 

 
 There is a need to study more the possible degradation processes of the cell. As this thesis work 

showed, both the enzymes and mediators degrade during the manufacturing, storing and use. The 
printed layers were also delaminating from the current collectors, which may be due to the degrada-
tion of the polymers in the inks. In order to optimise these cells, better understanding on degradation 
processes between the used chemical species is needed. 

 More loss analysis of the system is needed to discover the restricting processes in the cell. Especially 
in the case of a mediated system, it is important to establish the rate limiting steps in the transfer of 
electrons from the mediator to the electrode surface and to determine the relevant mass transport 
and enzyme kinetic rates. Without these values, optimal design of 3D electrode structures cannot be 
achieved. 

 Mass transfer characteristics of the 3D electrodes could be enhanced by patterned printing. Both 
hydrophobic and hydrophilic channels could be created forming a functional matrix. For an example, 
air cathodes need channels both for liquid and gas phase species. 

 Optimisation of the cell structure should take into account that the anode should be free from oxygen, 
but at the same time, that is the fuel for the cathode. Drying of these cells is also problematic. For 
this reason, ways to prevent the electrolyte leakage or evaporation are needed. 

 Exploring the possibility to use a multivariable management technique particularly for the mass pro-
duction of these flexible biobatteries is essential. As some of the depositing techniques used in this 
thesis may need to be revised and changed, it can bring complexity to the manufacturing process. 
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6. Summary and conclusions 

This thesis studied the possibility of manufacturing printed enzymatic biobatteries in large scale. The perfor-
mance of laboratory-manufactured cells was compared to pilot-manufactured biobatteries. The selection of 
suitable enzyme-mediator pairs as well as binders and the carbon support of the enzymatic inks has signif-
icant effect on the biobattery performance and stability. 

The anode and cathode were chosen to contain GOx/FcMeOH and high potential laccase/ABTS pairs, 
respectively. Although the ALDH enzyme performed very well on the anode, it was rejected due to its poor 
availability and stability. The stability in manufacturing, storage and during use should all be considered 
when an application of biobatteries for consumer products is planned. Immobilisation and stabilisation of 
both enzymes and mediators must be taken into account in order to maintain good performance. 

The activity of enzymes could be maintained at 60-80% even though the enzymatic layers were dried at 
high temperatures and stored for one month at room temperature. However, when mediators were added 
into the inks, the degradation of enzymes was faster, and only 20-30% on the enzymatic activity was main-
tained after storing for one month. Therefore, the stabilisation of mediators should be studied in more detail 
in the future. The possibility of mediator-less electrodes, especially for the cathode side, seems plausible. 
This approach would increase the stability of the cell. Another suggestion is to add catalase to the anode 
side to remove H2O2. This could improve the operational stability of the biobatteries. 

Applications that could benefit from this kind of batteries are disposable sensors or memory devices that 
are used for a few days at room temperature. At the moment, these printed biobatteries have demonstrated 
maximum power densities in the range of 1-3 μW cm-2 and maximum energy outputs (Ecut-off = 200 mV) in 
the range of 10-20 μWh cm-2. A battery the size of a credit card (ca. 50 cm2) could generate 50-150 μW or 
0.5-1 mWh. This level of power suffices for e.g. smart RFID tags or low energy Bluetooth in idle mode (some 
μAs). However, in active mode they need 10-15 mA current at ca. 2 V for waking up and transmitting data 
to a master receiver. This would require at least three biobatteries connected in series or a converter to 
boost the output voltage. In order to improve peak power generation, the integration of biobatteries with 
supercapacitors is recommended. Other suitable applications of biobatteries could be water leakage detec-
tion, cold chain detection (especially for frozen goods), and autonomous biosensors. Furthermore, other 
applications could also include microcurrent patches for skin and wounds if the power generation of printed 
biobatteries could be increased from μW scale to mW scale.
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Appendix A: Electron transfer properties of ferro/ferricyanide 
on DuPont ink 

Electron transfer properties of DuPont ink were studied on a glassy carbon (GC, r = 2.5 mm) electrode. 
Figure A1 shows the CV measurements (a-c) at different scan rates, and Randles-Ševčik plots (d) of three 
different electrodes: 1) GC, 2) GC coated with 4 μl of DuPont ink, and 3) GC coated with 4 μl of DuPont ink 
modified with MWCNTs (as in Publications II and III). 
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Figure A1. Cyclic voltammograms of (a) GC, (b) GC coated with DuPont ink, (c) GC coated with MWCNT-
modified DuPont ink using different scan rates (mV s-1), and (d) Randles-Ševčik plots of the electrodes 
studied. The electrolyte contained 7.5 mM F3Fe(CN)6/F4Fe(CN)6 in 1 M KCl. The counter electrode was Pt-
wire and the reference electrode Ag/AgCl (sat. KCl). (Unpublished) 

The slopes in the Panel (d) vary with the modification of the electrodes, which implies varying electrode 
surface area. The diffusion coefficient of the reactant can be calculated from the slopes. The slope of the 
GC electrode is 7.8x10-4 and Equation (18) leads to D = 4x10-6 cm2 s-1, which is rather close to the literature 
values (ca. 7x10-6  cm2 s-1 [117]). For coated electrodes, the diffusion coefficient is assumed to be the same 
and the change in the slopes is attributed to an increased active area. The slope for GC/DuPont is 4.1x10-3 
and for GC/MWCNT-modified DuPont 8.4x10-3; hence doping with MWCNTs increased the active area of 
the electrode twofold. This was also observed by Smolander et al. [118], their measurements showed twofold 
higher current densities for MWCNT-modified DuPont ink containing ThL and ABTS. 
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Appendix B: Studying DET of ThL and rMaL in a fuel cell setup 

One approach to increase the cell voltage is to utilise DET at the cathode, and hence DET of both ThL and 
rMaL was studied. Both laccases were immobilised on Toray paper (TGP-H-060, Fuel Cells Etc) and tef-
lonised CB (prepared as in [119]). The electrolyte used in the measurements was 100 mM potassium phos-
phate buffer (KPB) with varying pH. 

 
Toray paper electrodes 
ThL solution was prepared by pipetting 100 μl of ThL (activity 156 U ml-1) into 1.85 ml of KPB (pH 5), resulting 
in an enzyme activity of 8 U ml-1. rMaL solution was prepared by pipetting 100 μl of rMaL (rMaL 138 U ml-1) 
into 1.625 ml of KPB (pH 5), resulting in an enzyme activity of 8 U ml-1. A piece of Toray paper was washed 
with ethanol and distilled water and dried at room temperature. Eight pieces were cut using a punching tool 
(r = 2.5 mm) and soaked into laccase solutions (four each) overnight at 4 °C. 

The samples were measured the next day, attaching the Toray paper electrode on a glassy carbon elec-
trode with a cup-formed holder made of Teflon. The measurement was made by measuring OCV for 1 h and 
then performing a CV from 800 mV to 0 mV vs. Ag/AgCl at a scan rate of 10 mV s-1. The CV scan was 
repeated three times with 3 different samples.  
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Figure B1. Cyclic voltammograms at varying pH of (a) ThL and (b) rMaL immobilised into Toray paper. Scan 
rate 10 mV s-1. The electrolyte was bubbled with O2. The curves represent average values of the third scan 
(n = 3). (Unpublished) 

Cyclic voltammograms of the Toray paper electrodes in different pH values are shown in Figure B1. Both 
laccases indicated ORR without any use of a mediator, meaning that they were successfully immobilised 
into the Toray paper. The ORR starts at rather high potential with ThL, at ca. 600 mV vs. Ag/AgCl, which 
makes it a good cathode enzyme for BFC or battery applications. However, ThL is very sensitive to pH, 
showing its highest catalytic current at pH 5 but almost deactivating at pH 7. ThL also shows an interesting 
CV curve. The catalytic current of ORR increases dramatically between 600 and 500 mV vs. Ag/AgCl, but 
plateaus after that. rMaL on the other hand starts to catalyse ORR at ca. 500 mV vs. Ag/AgCl, with increasing 
catalytic current throughout the potential window. In addition, rMaL is not as sensitive to pH as ThL, still 
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catalysing ORR at pH 7. For this reason, rMaL could be a better cathode enzyme than ThL to couple with 
pH-sensitive anode enzymes. 

 
Teflonised CB electrodes  
ThL solution was prepared by pipetting 10 μl of ThL (780 U ml-1) into 4.99 ml of KPB (pH 5), resulting in an 
enzyme activity of 1.56 U ml-1. rMaL solution was prepared by pipetting 50 μl of rMaL (138 U ml-1) into 4.95 
ml of KPB (pH 5), resulting in an enzyme activity of 1.38 U ml-1. 

Toray paper was cut into a piece as illustrated in Figure B2. Small holes were punched in order to increase 
air diffusion through the material. 100 mg of teflonised CB was pressed onto Toray paper forming a round (r 
= 1.5 cm) area (see [120] for more details). 10 μl of ethanol was dropped on the teflonised CB and soaked 
into laccase buffer solution overnight at 4 °C. Three similar samples were prepared using both laccases. 

The samples were measured the next day. The measurement setup is illustrated in Figure B2. A rectan-
gular piece of filter paper (Whatman®) was placed between the laccase electrode and a Pt mesh. The cell 
was clamped together with a paperclip. The other end of the filter paper was soaked into KPB (pH 5), which 
caused the electrolyte to rise up into the cell. Ag/AgCl reference electrode was inserted into the electrolyte. 
OCV was measured for 1 h and CA was performed after that in 50 mV steps every 10 min from OCV to 0 V. 

 

Figure B2. Left: schematic of the teflonised CB electrode (reprinted from [120] with permission). Right: Sche-
matic of the test electrode setup. (Unpublished) 
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Figure B3. (a) Curves of CA measurement of teflonised CB laccase electrodes. Geometrical electrode area 
7 cm2. (b) Individual electrode potentials of CP measurement of Znsol.||ThL/ABTS cells. The printed cathodes 
contained different amounts of active components: 1x (solid), 10x (dash), and 100x (dash-dot). Geometrical 
cell area 6.25 cm2. The original data was presented by Tuurala et al. in Figure 5 in [121]. Here the curves 
represent the average data (n = 2). (Unpublished) 

CA measurements in Figure B3a showed that both laccases immobilised in teflonised CB catalyse ORR via 
DET. ThL electrodes have ca. 100 mV higher potential than rMaL electrodes between current densities 0-
50 μA cm-2, but after that the potential of ThL electrodes drops dramatically. rMaL electrodes on the other 
hand maintain their potential, which decreases almost linearly between current densities 50-100 μA cm-2. 

This behaviour of ThL at higher current densities was also observed in the author’s earlier transaction 
publication [121]. Curves of individual electrode potentials from CP measurement of printed ThL/ABTS elec-
trodes paired with solid Zn anode are shown in Figure B3b. Different amounts of ThL/ABTS were used in 
the inks. It was shown that increased amounts of catalytic components maintain the cathode, and thus cell 
potential, higher as current density increases. The highest OCV was 1.6 V, which corresponds to a cathode 
potential of 0.84 V.  

This data indicated that ThL can catalyse ORR at high potential (ca. 700-800 mV), as long as the pH is 
between 4 and 5 and there is sufficient enzyme to keep the catalytic current high. rMaL on the other hand 
catalyses ORR at lower potential than ThL but tolerates neutral pH better. For this reason, it is important to 
know the application requirements for the cathode before the enzyme is selected. 
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Appendix C: A stack of biobatteries combined with printed 
supercapacitors 

The use of biobatteries in mW-scale applications is still a question due to their modest power output. There-
fore, the combination of printed biobatteries and printed supercapacitors was tested. In order to obtain higher 
voltage, three 12.25 cm2 ALDH/ThL biobatteries with TMPD and ABTS mediators, prepared as in Publica-
tions II and III, were connected in series, creating an OCV of ca. 1.7 V. This stack was connected with two 
series-connected printed carbon-based supercapacitors (prepared as in [122]). The capacitance of the su-
percapacitors stack was approximately 0.2 F and the leakage current was3 μA at 1.2 V. 

Both the stack of biobatteries and the stack of supercapacitors (pre-charged to 1 V) were subjected to a 
pulse test in which 5 mA pulses were drawn for 3 s while the potential was measured. The time between 
each pulse was 20 min. It was seen that three cells alone could not maintain the voltage (inset in Figure C1), 
and that the supercapacitors worked well, although the potential decreased during the pulses (Figure C1). 
In order to maintain the potential, a power source is needed to charge the supercapacitors between the 
pulses. Hence, the stack of supercapacitors was charged again to 1 V and connected with the stack of 
biobatteries. The same type of pulsing test was repeated, except that the first four pulses were taken every 
10 min, after which they were taken every 20 min. The potential of the system remained at ca. 1 V for 10 
hours, after which it started to decrease dramatically. 
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Figure C1. Voltage vs. time plot as a stack of biobatteries (inset), supercapacitors and a hybrid combination 
of both are discharged with pulses of 5 mA for 3 s. (Unpublished) 

This measurement showed that printed biobatteries can be connected successfully with printed supercapac-
itors. The charging time of the capacitor between current pulses must be taken into account due to its high 
impact on the system performance. When these two stacks were connected, their combination was able to 
provide energy peaks of 12-17 mWs every 20 min for 15 h.
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